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Abstract 


Polymer-matrix  composite  material  and  structural  adhesive  repair  and  manufacturing  have 
significant  environmental  costs.  These  costs  were  recently  documented  based  on  current  and 
anticipated  future  Department  of  Defense  (DOD)  use  of  these  materials.  The  principal  issues  for 
reducing  the  environmental  impact  and  its  associated  cost  are  (1)  reduction  in  hazardous  waste 
by  eliminating  shelf-life  limitations,  (2)  reduction  in  nitrogen  oxides  by  replacing  global  heating 
of  the  part  with  localized  heating,  (3)  reduction  in  volatile  organic  compound  (VOC)  emissions 
by  accelerated  curing  and  containment,  and  (4)  reduction  in  hazardous  waste  by  minimizing 
production  debris  through  processing  step  management.  The  predicted  reduction  in  hazardous 
waste,  which  affects  both  raw  materials  and  waste-disposal  costs,  is  78%  for  composite  materials 
and  95%  for  adhesives.  Nitrogen  oxides  and  VOC  emissions  can  be  reduced  by  100%  and  50% 
by  replacing  autoclave  curing  with  radiation  curing.  Electron-beam  (E-beam)  curing  has 
successfully  been  applied  to  E-beam-curable  prepegs,  adhesives,  and  vacuum-assisted  resin 
transfer  molding  (VARTM)  resins  while  maintaining  process-specific  viscosities  and 
application-specific  thermal  performance.  For  the  first  time,  there  is  credible  evidence  that 
E-beam-curable  resin  systems  can  be  formulated  to  have  sufficient  toughness  while  maintaining 
other  required  process  and  performance  criteria.  In  this  work,  both  free  radically  and  cationically 
cured  E-beam  resin  systems  have  been  formulated. 
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1.  Introduction 


The  electron-beam  (E-beam)  accelerator  is  a  source  of  ionizing  radiation  that  can  generate 
ionic  species,  free  radicals,  and  molecules  in  excited  states  capable  of  initiating  and  sustaining 
polymerization.  Depending  on  the  chemistry  of  the  resin  system  being  irradiated,  polymerization 
can  occur  by  free-radical  as  well  as  ionic  mechanisms.  The  polymerization  of 
acrylic/methacrylic  systems,  maleic  and  fumaric  polyester  resins,  and  thiolene  systems  proceeds 
via  free-radical  mechanisms  without  initiators.  E-beam-induced  polymerization  of  nitroethylene 
proceeds  via  anionic  mechanisms,  and  epoxies  are  polymerized  cationically  with  the  appropriate 
catalyst  under  E-beam  irradiation.  Of  these  systems,  free-radical-cured  systems  based  on 
acrylate  and  methacrylate  functionality  and  cationically  cured  epoxies  catalyzed  using 
diaryliodonium  or  triarylsulfonium  salts  like  diphenyliodium  hexalfluoroantimonate  or 
triarylsulfonium  hexalfluoroantimonate  have  shown  the  most  promise  for  composites 
applications.  Acrylate/methacrylate-based  free-radical-cured  systems  have  been  studied 
extensively.  These  systems  provide  high  reactivity,  and  they  have  good  stiffness,  good  control 
over  processing  viscosity,  and  very  long  shelf  life. 

Among  the  shortcomings  associated  with  such  systems  are  high  cure  shrinkage  (8-20%),  the 
potential  for  oxygen  inhibition,  and  low  glass  transition  (Tg)  relative  to  high-temperature 
thermally  cured  epoxies.  Cationically  cured  epoxies  require  a  photoinitiator  to  enable 
polymerization.  Cationically  cured  epoxies  offer  low  shrinkage;  exhibit  high  ts;  are  not 
inhibited  by  oxygen;  and  do  not  require  curing  agents,  as  do  their  thermally  cured  counterparts. 
On  the  other  hand,  cationic  systems  tend  to  cure  more  slowly  than  acrylate/methacrylate  systems, 
and  the  photoinitiators  are  easily  poisoned  by  nucleophilic  contaminants,  which  can  often  be 
found  on  the  surfaces  of  reinforcing  materials  or  as  part  of  epoxy  resin  compositions. 

In  this  work,  both  free  radically  and  cationically  cured  E-beam  resin  systems  are  being 
formulated.  Cationic  systems  have  been  employed  primarily  for  prepreg  resin  formulation,  as 
discussed  in  section  2,  while  free-radical  systems  based  on  interpenetrating  polymer  networks 
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have  been  used  to  formulate  vacuum-assisted  resin  transfer  molding  (VARTM)  resins  and 
adhesives,  as  discussed  in  sections  3  and  4,  respectively. 


2.  E-Beam  Prepreg  Resin  Formulation 


2.1  Introduction  to  E-Beam  Prepreg  Resin  Formulation.  Cationic  resin  formulation 
efforts  follow  a  basic  building-block  approach  to  develop  new  toughened  E-beam-curable  resins 
for  composite  matrix  materials.  Sufficient  quantities  of  the  new  resin  are  produced  to  develop 
chemical  and  mechanical  properties,  evaluate  repair  on  an  aircraft  structure,  and  demonstrate  the 
producibility  of  one  structural  component. 

Over  the  past  5  years,  hundreds  of  model  formulations  of  E-beam-curable  resins  have  been 
prepared.  Using  epoxy  backbone  and  functionality,  the  structure/property  relationships  of 
E-beam-curing  resins  have  been  similar  to  those  of  thermal-curing  resins.  In  addition,  over 
75  modifiers  have  been  tried,  with  little  success  in  improving  the  property  of  the  resins.  With 
thermoplastic  and  elastomeric  toughening,  either  single  or  multiple  phases,  the  modified  resins 
still  exhibit  the  high  cross-link  density  characteristics  of  the  epoxy  continuous  phase. 

It  is  believed  that  chain  extension  of  the  epoxy  continuous  phase  is  critical  to  enable  the 
modifiers  to  nucleate  their  energy  dissipation.  This  has  not  yet  been  attempted  with 
E-beam-curing  resins.  It  is  important  that  a  ductile  fracture  pattern  be  achieved.  It  is  also 
important  to  lower  the  cross-link  density  to  allow  for  plastic  flow  and  to  raise  the  composite 
interlaminar  shear  strength  by  increasing  shear  bonding. 

The  primary  function  of  modifiers  is  to  toughen  the  resin.  The  addition  of  modifiers  to  the 
rigid  extenders  should  not  reduce  the  resin  modulus  at  elevated  temperature.  For  cationic  curing 
epoxies,  the  modifier  requirements  are  as  follows: 

•  an  epoxy-compatible  low-molecular-weight  oligomer  or  monomer; 
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•  a  nonnucleophillic,  aromatic,  or  heterocyclic  ring  in  the  backbone;  and 

•  stability  at  ambient  temperature. 

The  modifier  can  be  either  a  difunctional  coreactant  with  a  very  high  percent  of  reactivity  or  a 
multifunctional  modifier. 

The  objective  of  this  task  is  to  reformulate  the  E-beam-curing  cationic  resin,  CAT-M,  and 
associated  adhesives  to  extend  the  toughness,  durability,  and  thermal  performance  to  meet 
250  °F/wet  service  for  aircraft  repair  and  remanufacturing.  To  date,  cationic  resins  for  prepreg 
applications  meet  Tg  and  modulus  goals  but  provide  very  poor  interlaminar  strength  and 
toughness. 

All  matrix  resins  and  adhesives  are  modified  epoxies  (a  blend  of  four  epoxies — Dow  742, 
556,  332,  and  439)  cured  using  diphenyliodonium  hexaflouroantimonate  cationic  catalyst.  The 
first  stable  species,  a  Bronsted  acid  of  H*  SbF6~  along  with  lEF",  is  believed  to  be  responsible 
for  breaking  the  epoxy  ring,  ionizing  the  hydroxyl,  and  propagating  via  homopolymerization, 
which  is  the  same  as  thermal  cure  (Figure  1). 

H+ 

Ph2l+SbF6"  +  e~  — ►  Ph  1+ +  Ph‘ +  SbF6"  - HF  +  SbF5" 

+  HF  — ►  Polymer 

R  R 

Figure  1.  Example  of  Cationic-Based  Epoxy  Initiation  Reaction. 

Although  the  propagation  steps  (Figure  2)  and  the  chemistry  are  the  same  as  in  thermal  cure, 
the  mechanism  to  cure  to  a  high  level  of  completion  in  a  solid  state  with  electronically  excited 
molecular  species  is  unknown. 
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I  0H2J 

Figure  2.  Example  of  Cationic-Based  Epoxy  Propagation  Reaction. 


Trace  water  in  the  raw  material  can  result  in  a  1,2  diol  or  glycol,  which  can  react  with  groups 
to  form  a  highly  cross-linked  brittle  matrix.  Cationic  resins  need  to  be  toughened  before  they  are 
of  practical  value,  especially  for  aircraft  applications.  The  most  common  way  to  achieve 
toughening  is  to  coreact  alcoholic  hydroxyls  in  situ  during  curing.  However,  the  usual  reduction 
of  modulus  and  Tg  will  occur.  As  with  thermal  curing,  a  balance  between  toughness  and  Tg  or 
modulus  is  needed.  Although  the  propagation  mechanism  is  the  same  as  in  thermal  cure, 
radiation-induced  excited  molecular  intermediates  drive  the  reaction  to  completion  in  the  solid 
state.  Thermal  homopolymerization  cures  follow  classic  time,  temperature,  transformation 
(TTT)  diagrams,  where  Tg  is  no  more  than  20  °C  higher  than  TCUre-  However,  E-beam  curing 
totally  violates  the  classic  TTT  diagrams  and  Tg  can  routinely  be  as  much  as  150  °C  higher  than 

Tcure- 


2.2  E-Beam  Prepreg  Resin  Selection  Criteria.  The  following  are  the  criteria  used  for 
prepreg  resin  downselection.  Studies  found  that  each  resin  formulation  had  to  pass  all  the  tests 
indicated.  If  one  test  failed,  no  further  testing  was  conducted  for  that  particular  formulation. 
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(1)  Radiation  Cure  Properties  (determined  from  gamma  calorimetry): 

•  Gelation  <  40  kGy.  All  of  the  cationic-initiated  epoxies  that  were  studied  evidence 
gelation  at  doses  less  than  15  kGy. 

•  Curing  dose  <120  kGy.  Curing  dose  depends  on  the  type  of  the  initiator  used. 

(2)  Dynamic  Mechanical  Analysis  (DMA): 

•  DMA  modulus  >  350  ksi  (2.4  GPa).  The  modulus  of  most  epoxy  resins  is  about  450  ksi 
(3.1  GPa).  However,  the  modulus  slowly  drops  off  as  temperatures  approach  the  Tg. 

•  Tg  >  service  temperature  +  30  °C. 

(3)  DMA  After  2  hr  at  177  °C  Postcure: 

•  Postcure  DMA  modulus  <10%  different  from  DMA  modulus  prior  to  postcure.  This  test 
is  to  gauge  the  degree  of  cure  from  the  initial  E-beam  curing.  A  difference  between  the 
two  values  of  greater  than  10%  indicates  that  significant  residual  uncross-linked  species 
remained  after  the  initial  cure. 

(4)  DMA  After  24-hr  Water  Boil: 

•  Weight  gain  <  3%. 

•  DMA  modulus  after  water  boil  <  10%  different  from  DMA  modulus  prior  to 
conditioning. 

•  Wet  Tg  >  service  temperature  +  20  °C. 
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2.3  E-Beam  Prepreg  Resin  Formulation  Approach.  The  goal  of  this  formulation  effort 
was  to  improve  the  toughness  of  baseline  resins.  Two  types  of  toughening  agents  were  added  to 
the  epoxy  formulations:  (1)  polyethersulfone  (PES)  and  (2)  thermoplastic  acrylic.  The  two  best 
formulations,  T-ll  and  T-14,  were  selected  for  further  evaluation  based  on  the  gamma 
calorimetry  and  DMA  data.  Gamma  calorimetry  was  used  to  determine  the  gel  point.  The 
E-beam  dose  at  which  the  temperature  begins  to  rise  is  defined  as  the  gel  point.  DMA  was  used 
to  determine  the  Tg.  Downselected  resins  had  to  meet  the  requirements  listed  in  section  2.2  prior 
to  toughness  evaluation. 

A  series  of  nine  model  formulations  was  investigated  (Table  1),  including  a  dendrimer 
(Boltom  EZ,  obtained  from  YLA,  Inc.)  that  is  an  epoxy-terminated  polyol  with  a  viscosity  of 
about  25,000  cps  at  ambient  temperature.  Reactive  liquid  rubbers  such  as  Hycar  rubber  and 
related  tougheners  provide  a  neat  balance  of  properties  if  precipitated  during  cure  into  a  second 
phase  with  particle  size  in  the  1-5  pm  range.  In  E-beam  curing,  the  precipitation  of  the  rubbery 
phase  was  not  achievable  due  to  instant  gelation.  Therefore,  the  second-phase  emulsion  must  be 
accomplished  in  the  liquid  state  prior  to  cure.  Several  epoxies  with  varying  polarities,  with  and 
without  modifiers,  were  formulated  with  the  dendrimer  and  screened  via  ultraviolet  cure.  All 
formulations  cured  to  clear  single-phase  castings.  The  model  expected  to  have  the  best  chance  of 
second-phase  formation,  M-25,  was  E-beam-cured  along  with  M-24  as  a  control.  Hydrogenated 
Bis-A  (1510),  which  results  in  cycloaliphatic  structures,  accelerates  reactions  compared  to  its 
nonhydrogenated  counterpart  (332).  However,  all  of  the  experiments  performed  to  date 
indicated  that  there  was  no  phase  separation  in  these  samples. 

The  cured  Model  M  series  resins  were  tested  by  DMA,  as  shown  in  Table  2.  M-22  was  left 
in  the  oven  overnight  and  gelled;  no  DMA  data  were  obtained.  Comparing  M-21  and  M-23  with 
controls  (M-ll,  M-13,  and  M-16),  the  multifunctional  chain  extender  used  in  M-21  looks  very 
encouraging.  Past  models  with  difunctional  reactants  indicated  incomplete  reaction.  Although 
the  initial  modulus  and  Tg  are  lower  for  M-21  than  for  the  controls,  a  50%  retention  of  modulus 
at  higher  temperature,  150  °C,  was  observed  for  M-21.  The  modifier  used  in  M-21  warrants 
further  investigation.  This  modifier  can  be  added  to  prepreg  and  adhesive  resins  but  will  not  be 
used  for  the  VARTM  resins  because  of  its  excessively  high  viscosity. 
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Table  1.  Model  Formulations 


M  Series 

11 

13 

16 

21 

22 

23 

24 

25 

332 

100 

94 

100 

60 

70 

80 

— 

— 

556 

— 

— 

— 

— 

— 

— 

70 

70 

1510 

— 

— 

— 

— 

— 

30 

30 

Chain  extender- 1 
(GP) 

— 

— 

— 

15 

— 

— 

— 

— 

Chain  extender-2 
(GP) 

— 

— 

— 

— 

— 

— 

Dendrimer 

Boltom-EZ 

— 

— 

— 

— 

— 

— 

— 

8 

TBBPA 

5 

— 

— 

— 

— 

— 

— 

542 

— 

6 

— 

— 

— 

— 

— 

— 

DPI-1 

2.8 

2.8 

2.8 

2.5 

2.5 

2.5 

3 

3 

Notes:  GP  =  No  Significance.  Nomenclature  only. 
TBBPA  =  Testbromobisphenol  A. 

DPI-1  =Diphenyliodiumhexaflouroantimonate. 


Table  2.  DMA  Data 


M  Series 

11 

13 

16 

21 

23 

24 

Te(°C) 

170 

140 

150 

125 

Temperature 
at  50%  of 
modulus 

143 

118 

96 

152 

107 

142 

125 

Flexural 
modulus  (ksi) 
[GPa] 

I 

| 

256 

[1.77] 

147 

[1.0] 

207 

[1.4] 

262 

[1.8] 

The  difunctional  chain  extender  used  in  M-23  reduces  the  initial  modulus  by  50%.  This 
model  will  be  eliminated  unless  significant  toughening  is  observed  in  the  resins.  M-24  and 
M-25,  with  8%  dendrimer  incorporation,  were  poorer  in  elevated-temperature  properties.  The 
results  showed  the  expected  plasticization  from  the  modifier.  The  dendrimer  did  not  precipitate 
as  a  second  phase.  The  latest  data  indicate  that  the  key  to  obtaining  a  successful  precipitation  of 
dendrimer  lies  in  the  blending  of  the  single-phase  epoxies  used,  including  not  only  the  types  of 
epoxies  but  also  the  proportion  of  each  epoxy  in  the  blend.  Two  blends  of  single-phase  epoxy 
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with  the  modifier  precipitated  out  as  a  second  phase  after  curing  are  currently  being  investigated 
and  show  promise.  These  resins  will  be  E-beam-cured  and  evaluated. 

As  expected,  both  types  of  thermoplastic  modifier  reduce  the  rate  of  curing,  although 
thermoplastic  (TP)  acrylic  appears  to  affect  it  less.  TP  acrylic  is  a  micropulverized  powder 
added  like  a  filler  and  is  a  dispersed  second  phase  with  a  partially  solubilized  and  bonded  particle 
interface.  It  did  not  chemically  inhibit  curing.  Both  T-l  1  and  T-14  resins  contain  TP  acrylic  as  a 
toughening  agent.  The  DMA  spectroscopy  results  for  the  two  resins  cured  at  200  kGy  are  shown 
in  Figures  3-6  for  dry  and  wet  (48-hr  water  boil)  T-l  1  and  dry  and  wet  T-14.  Dry  Tg  from  E* 
for  both  systems  is  around  200  °C;  wet  Tg  is  about  170  °C.  However,  the  DMA  curves  for  T-14 
are  much  better  than  for  T-l  1 ,  especially  the  much  smaller  0  peak  from  the  tan  8  curve  of  T-14. 
The  0  peak  in  the  DMA  is  likely  the  low-molecular- weight  components  produced  from  the 
low-dose  (<10  kGy)  E-beam,  which  was  used  to  prevent  cracking  of  the  sample  during  cure. 
Such  short  segmental  chains  created  during  the  low-dose  pass  affect  the  final  mechanical 
properties.  However,  in  the  case  of  composite  curing,  the  exotherm  during  curing  will  likely 
dissipate  through  the  carbon  fibers,  which  should  prevent  the  low-molecular-weight  components, 
such  as  the  0  peak,  from  forming. 

2.4  E-Beam  Prepreg  Resin  Formulation  Results.  The  resins  that  met  the  downselection 
criteria  were  further  evaluated  for  initial  mechanical  properties.  The  dynamic  moduli  of  the  neat 
resins  were  also  measured  in  a  Rheometrics  RDS-II  dynamic  mechanical  spectrometer  from  the 
torsion  of  rectangular  coupons.  One  set  of  coupons  of  each  resin  type  was  conditioned  in  a 
humidity  cabinet  set  at  66  °C/95%  relative  humidity  until  saturated  with  moisture.  Another 
coupon  set  of  each  resin  type  was  desiccated  prior  to  testing.  The  tests  on  dry  and  wet  specimens 
were  run  at  a  scan  rate  of  5  °C/min.  From  plots  of  the  data  (Figures  3-6),  it  is  apparent  that  the 
only  unambiguous  measure  of  Tg  temperature  can  be  obtained  from  the  tan  8  curves.  The  Tg’s 
from  the  tan  8  curves  for  dry  and  wet  specimens  of  T-ll  are  230  °C  and  218  °C,  respectively. 
The  corresponding  dry  and  wet  Tg’s  for  T-14  are  220  °C  and  205  °C,  respectively;  they  are  very 
similar  to  the  aforementioned  DMA  data.  The  wet  Tg  is  therefore  only  slightly  lower  than  the 
corresponding  dry  Tg  for  each  material,  although  the  shoulder  in  the  tan  8  curves  becomes  more 
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Figure  6.  Dynamic  Mechanical  Spectroscopy  Results  for  Wet  T-14  Resin. 
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i ; r ; . E-beam- cured ,  resins ■  is  ■  compared  -With?  that-  of  thermally  cured  3501  -6  in  'Figure  7.'<  At  150  °C 
(300  ?F),  for  example,  3501-6  retains  approximately  75%  of  its  room-temperature  storage 
modulus,  while  the  corresponding  moduli  retention  for  dry  and  wet  E-beam-cured  resins  is  50% 
and  42%,  respectively.  The  poor  retention  of  properties  for  the  E-beam-cured  resins  can  be 
.  attributed  again  to  the  low-molecular-weight  components  formed  during  cure.  As  can  be  seen 
from  the  RDS  curves,  the  p  peaks  are  similar  to  those  from  DMA.  This  experiment  correlating 
the  storage  modulus  with  temperature  is  repeated  for  composite  specimens. 
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Figure  7.  Retention  of  Dynamic  Storage  Modulus  of  Neat  T-ll,  T-14,  and  3501-6  at 
Various  Temperatures. 


2.4.1  Resin  Density  and  Shrinkage.  The  resin  density  and  shrinkage  of  T-14  are  shown  in 
Table  3.  The  difference  in  the  cured  and  uncured  resin  density  is  negligible.  The  T-14  resin  did 
not  shrink  but  expanded  slightly  after  curing  at  an  E-beam  dose  of  200  kGy.  Similar  behavior 
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Table  3.  Physical  Properties  of  T-14  Resin 


Density 

(s/ml) 

Condition 

Volumetric  Shrinkage 
(%) 

Linear  Shrinkage 
(%) 

1.2124 

Uncured 

— 

— 

1.2121 

E-beam:  200  kGy 

-0.025 

-0.008 

E-beam:  200  kGy 
thermal:  2  hr  at  200  °C 

-0.008 

-0.003 

was  observed  for  the  resin  postcured  at  200  °C  for  2  hr  after  E-beam  curing.  The  postcure  was 
conducted  to  relieve  residual  stresses  caused  by  the  high-energy  E-beam  curing. 

2.4.2  Differential  Scanning  Calorimetry.  A  cross  section  of  the  resin  plaques,  T-ll  and 
T-14,  revealed  a  variation  in  color  from  the  surface  (reddish  brown)  to  the  midplane  (yellowish 
brown).  Samples  from  both  of  these  areas  were  analyzed  by  DSC.  The  sample  from  the  T-ll 
interior  of  the  plaque  did  not  display  any  exotherm  on  heating  in  nitrogen  up  to  300  °C;  however, 
the  sample  from  the  surface  of  the  plaque  displayed  an  exotherm  (-3.3  mcal/mg)  beginning  at 
about  100  °C,  indicating  an  advancement  of  cure  with  the  thermal  energy  supplied.  Similar 
results  were  observed  for  the  T-14  sample.  The  center  of  the  T-14  appeared  to  be  fully  cured 
when  analyzed  by  DSC;  however,  the  surface  of  the  T-14  panel  underwent  additional  cure  in  the 
DSC,  exhibiting  an  exotherm  of  approximately  9.5  cal/g  and  peaking  at  about  135  °C.  The  color 
of  the  surface  specimen  also  changed  from  reddish  brown  to  yellow  at  the  end  of  the  run.  These 
results  indicate  a  nonuniform  cure  through  the  thickness  of  the  as-received  plaque,  with  the 
degree  of  cure  higher  in  the  interior  than  at  the  surface. 

2.4.3  Fracture  Toughness.  The  fracture  toughness  of  the  neat  resin  was  determined  from 
compact  tension  tests  in  accordance  with  American  Society  for  Testing  of  Materials  (ASTM) 
E399-83.  Test  specimens  with  dimensions  shown  in  Figure  8  were  sectioned  from  the  resin 
plaque,  and  notches  were  machined  as  indicated.  One  batch  of  specimens  was  then  dried  for  a 
minimum  of  48  hr  in  a  vacuum  oven  at  40  °C  and  tested  under  ambient  conditions.  Two  more 
batches  of  specimens  were  isothermally  aged  at  121  °C — the  T-l  1  for  54  hr,  the  T-14  for  102  hr, 
and  both  for  168  hr— and  tested  at  room  temperature.  At  least  five  specimens  were  tested  for  the 


Figure  8.  Schematic  of  Compact  Tension  Test  Specimen  (Dimensions  in  Inches). 

unaged  baseline  and  each  aging  condition,  and  data  were  collected  for  four  crack  extensions  in 
each  specimen  to  give  a  minimum  of  20  measurements  of  fracture  toughness  for  each  specimen 
batch.  The  test  results  are  shown  in  Tables  4  and  5  for  T-l  1  and  T14,  respectively.  The  data  are 
fairly  consistent  and  indicate  a  slight  increase  in  fracture  toughness  with  aging,  possibly  due  to 
the  additional  thermal  cure  that  occurs  under  these  conditions.  The  fracture  toughness  of  the 
unaged  T-l 4  material  is  approximately  40%  higher  than  that  of  unaged  T-l  1. 

2.4.4  Flexural  Properties.  Flexural  test  specimens  were  sectioned  from  the  T-ll  plaque 
with  faces  perpendicular  to  the  x  and  z  directions.  The  latter  specimens  bowed  after  being 
sectioned,  suggesting  that  cure  shrinkage  at  the  midplane  of  the  plaque  is  greater  than  that  at  the 
surface  (also  observed  in  DSC  studies).  The  results  of  flexural  tests  on  as-fabricated  (and 
vacuum  dried)  specimens,  performed  under  ambient  conditions,  are  summarized  in  Table  6. 
Although  the  midplane  of  the  plaque  appears  to  have  a  higher  degree  of  cure  than  the  surface,  the 
results  from  Table  6  indicate  no  significant  differences  in  the  flexural  properties  of  the  two 
regions.  However,  the  properties  appear  to  be  lower  than  the  corresponding  flexural  stiffness 
and  strength  of  neat  thermally  cured  3501-6  epoxy. 

One  batch  of  T-l 4  flexural  test  specimens  was  conditioned  at  66  ° C/95%  relative  humidity 
(RH)  until  saturated  with  moisture,  while  a  second  set  was  desiccated  prior  to  testing. 
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Table  4.  Fracture  Toughness  of  T-ll  Resin 


Specimen 

No. 

Conditioning 

Fracture  Toughness 
(psi.in0'5) 

Average 

(±s.dev.) 

KQj 

kq2 

kq3 

kq4 

T-ll-15 

Dried  48  hr  at 
40  °C  in 

vacuum  oven 

265 

271 

282 

255 

245  ±  30 

T-ll-17 

285 

240 

277 

257 

T- 11-20 

215 

229 

301 

279 

T-ll-12 

221  1 

232 

228 

224 

T-ll-14 

215 

211 

207 

204 

T-ll -02 

Aged  54  hr  at 
121  °Cinair 

271 

285 

291 

281 

278  ±  12 

T-ll -08 

284 

287 

287 

270 

T-ll-19 

254 

273 

278 

269 

T-ll-01 

274 

278 

276 

258 

T- 11-04 

262 

289 

302 

291 

T-ll -03 

Aged  168  hr 
at  121  °C  in 
air 

292 

297 

299 

301 

293  ±  15 

T-ll-10 

273 

286 

290 

284 

T-ll-11 

281 

294 

294 

‘288 

T-ll-13 

302 

307 

323 

295 

T-ll-16 

246 

290 

297 

298 

T-ll-18 

309 

309 

301 

285 

Three-point  flexural  tests  were  conducted  at  ambient  temperature  and  82  °C  for  both  wet  and  dry 
T-14  specimens,  with  a  minimum  of  six  specimens  for  each  material/test  condition.  The  results 
are  summarized  in  Figures  9  and  10.  The  flexural  strengths  are  not  as  high  as  expected  (or 
observed  for  thermally  cured  epoxies  such  as  3501-6),  which  may  be  due  to  the  significant  void 
content  of  the  neat  resin  plaques.  The  flexural  stiffness  of  the  neat  resin  shows  a  significant 
decline  with  temperature  at  relatively  low  temperatures.  For  example,  the  flexural  stiffness  of 
dry  T-14  is  410  ksi  at  room  temperature;  this  modulus  drops  to  79%  and  57%  of  the  room- 
temperature  values,  respectively,  at  temperatures  of  82  °C  (180  °F)  and  104  °C  (220  °F). 

2.5  E-Beam  Prepreg  Resin  Conclusions.  Incorporation  of  dendrimers  into  a  single-phase 
epoxy  was  successful.  The  dendrimer  precipitated  in  the  epoxy  mixture  as  a  second  phase, 
resulting  in  resin  with  greater  ductility  and  toughness  than  conventional  one-phase  epoxy. 
Investigations  of  model  formulations  will  continue,  in  an  effort  to  optimize  dendrimers  and  chain 
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Table  5.  Fracture  Toughness  of  T-14  Resin 


Specimen 

No. 

Conditioning 

Fracture  Toughness 
(psi.in0'  ) 

Average 

(±s.dev.) 

KQ! 

kq2 

kq3 

kq4 

T- 14-05 

Dried  48  hr  at 
40  °C  in 

vacuum  oven 

326 

340 

365 

398 

342  ±19 

T-14-11 

330 

340 

347 

327 

T-14-14 

331 

349 

359 

368 

T-14-17 

328 

340 

350 

361 

T-14-18 

334 

337 

337 

354 

T-14-19 

330 

304 

334 

313 

T- 14-02 

Aged  102  hr 
at  121  °C  in 
air 

425 

373 

384 

378 

378  ±  20 

T- 14-03 

360 

396 

391 

394 

T- 14-04 

316 

355 

384 

T-14-09 

397 

401 

367 

374 

T-14-13 

359  1 

365 

377 

385 

T-14-21 

377 

378 

381 

382 

T-14-01 

Aged  168  hr 
at  121  °C  in 
air 

328 

375 

377 

371 

370  ±  15 

T- 14-06 

351 

360 

353 

381 

T- 14-07 

379 

371 

388 

403 

T- 14-08 

i  363 

366 

368 

377 

T-14-12 

355 

371 

374 

T-14-15 

367 

366 

386 

388 

formulations,  the  most  promising  one  will  be  selected  for  further  development.  This  formulation 
will  be  used  to  prepreg  AS4  carbon  fibers  at  YLA,  Inc.  A  small  run  (10  lb)  of  prepreg  will  be 
produced  for  initial  evaluation  of  the  prepreg  quality  and  E-beam  processing  cycles.  Additional 
prepreg  will  be  manufactured  for  full  characterization  of  the  final  prepreg  system.  The 
characterization  will  include  physical  and  mechanical  analyses  at  ambient  and  elevated  wet 
temperatures.  Photomicrographs  and  failure  analyses  using  scanning  electron  microscopy 
(SEM)  will  also  be  conducted  to  characterize  the  quality  of  composite  laminate  and  fiber/matrix 
interface  properties. 
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Table  6.  Room-Temperature  Flexural  Properties  of  Neat  T-ll  Resin 


Specimen 

Category 

Specimen 

No. 

Flexural 

Strength 

(ksi) 

Average 

(ksi) 

(s.dev.) 

Flexural 

Modulus 

(Msi) 

Average 

(Msi) 

(s.dev.) 

A 

T-11-X01 

7360 

— 

0.445 

— 

T-11-X05 

7005 

6625 

0.437 

0.433 

T-11-X06 

6650 

(635) 

0.425 

(0.008) 

T-11-X09 

6435 

— 

0.427 

— 

T-11-X10 

5680 

— 

0.431 

— 

B 

T-11-Z10 

6985 

— 

0.422 

— 

T-11-Z01 

6540 

6810 

0.383 

0.389 

T-11-Z03 

6885 

(355) 

0.384 

(0.019) 

T-11-Z07 

7270 

— 

0.379 

— 

T-11-Z02 

6380 

— 

0.375 

— 

C 

T-11-Z06 

7890 

— 

0.405 

— 

T-11-Z09 

7020 

7640" 

0.402 

0.397 

T-11-Z05 

WtEESMM 

(1435) 

0.408 

(0.016) 

T-11-Z08 

HK3E&H 

— 

0.374 

— 

Notes:  A  =  Specimens  cut  perpendicular  to  x-axis. 

B  =  Specimens  cut  perpendicular  to  z-axis  and  tested  with  surface  from  the  plaque  midplane  in  tension. 
C  =  Specimens  cut  perpendicular  to  the  z-axis  and  tested  with  the  original  plaque  surface  in  tension. 


Figure  9. 


Flexural  Strength  of  Neat  T-ll  and  T-14,  Dry  and  After  Saturation,  With 
Moisture  at  66  °C/95%  RH. 
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H  75  °F,  dry 
El  180  CF,  dry 
B  180  °F,  wet 


Figure  10.  Flexural  Modulus  of  Neat  T-ll  and  T-14,  Dry  and  After  Saturation,  With 
Moisture  at  66  °C/95%  RH. 

3.  E-Beam  VARTM  Resin  Formulation 

3.1  Introduction  to  E-Beam  VARTM  Resin  Formulation.  VARTM  has  become  an 
important  composites  processing  technique.  In  the  VARTM  process,  the  liquid  resin  converts 
into  a  nontacky  solid  during  cure.  Curing  is  accomplished  via  chemical  reactions  between 
monomers,  which  leads  to  the  formation  of  a  three-dimensional  network.  Energy  for  this  process 
can  be  supplied  in  various  forms,  such  as  heat  or  radiation.  There  are  various  sources  for 
radiation,  including  microwave,  infrared  (IR),  ultraviolet  (UV)  light,  and  E-beam.  Thermal 
curing  has  traditionally  been  preferred  over  radiation  curing  for  fabricating  thick  polymer-matrix 
composites  because  of  the  limited  penetration  depth  of  radiation  and  the  high  cost  of  radiation 
equipment.  However,  recent  developments  and  better  E-beam  equipment  has  revived  interest  in 
radiation  curing.  In  addition  to  reduced  processing  time,  E-beam  curing  offers  many  advantages 
over  traditional  thermal  curing,  including  the  following: 
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•  unlimited  material  shelf  life, 


•  reduced  energy  consumption, 

•  curing  at  selectable  temperatures, 

•  curing  of  complex-shaped  parts  with  inexpensive  tooling, 

•  line-of-sight  cure, 

•  shorter  curing  time, 

•  lower  health  risk,  and 

•  reduced  cure  shrinkage. 

In  order  to  take  advantage  of  E-beam  curing,  the  developed  resin  should  form  a  partially 
cured  structure  that  can  be  easily  transported  for  complete  curing  by  E-beam.  In  addition,  resins 
that  can  be  processed  using  nonautoclave  techniques  such  as  VARTM  and  RTM  should  be 
developed  to  realize  the  significant  cost  savings  associated  with  this  technique. 

3.2  E-Beam  VARTM  Resin  Selection  Criteria.  The  most  important  requirement  for 
VARTM  resins  is  a  viscosity  of  less  than  500  cps  at  processing  temperature.  Presently  available 
and  commercially  used  VARTM  resins  are  based  on  epoxy  or  vinyl  ester.  The  presence  of 
unsaturated  bonds  in  vinyl-ester  resin  allows  curing  by  several  different  methods.  Vinyl-ester 
resins  have  Tg’s  around  250  °F,  but  they  exhibit  very  low  toughness  compared  to  commercially 
available  epoxy  resins.  On  the  other  hand,  thermally  cured  epoxy  resins  designed  for  VARTM 
often  have  a  low  Tg.  The  primary  objective  of  this  research  is  to  develop  a  new  generation  of 
toughened  VARTM  resins  with  the  following  properties:  . 
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•  viscosity  less  than  500  cps  at  processing  temperature. 


•  Tg  between  250  °F  and  350  °F, 

•  fracture  toughness  above  that  of  presently  available  resins, 

•  ability  to  be  cured  thermally  as  well  as  by  radiation, 

•  unlimited  shelf  life, 

•  environmental  friendliness,  and 

•  commercial  availability  or  easily  scaleable  monomers. 

3.3  E-Beam  VARTM  Resin  Formulation  Approach.  Radiation  can  initiate  free-radical  or 
ionic  polymerization.  In  this  program,  a  new  generation  of  radiation-cured  systems  based  on 
free-radical  curing  is  examined.  This  novel  system  uses  interpenetrating  polymer  network  (IPN) 
synthesis.  Figure  1 1  shows  the  chemistry  of  the  developed  resin  forming  the  IPN.  In  addition, 
work  has  been  performed  to  develop  cationic  systems  for  VARTM  application. 

The  curing  process  of  an  epoxy- vinyl-based  IPN  system,  as  shown  in  Figure  11,  involves 
step-growth  as  well  as  free-radical  polymerization.  The  step-growth  reaction  takes  place 
between  epoxy  and  amine,  while  free-radical  curing  brings  about  polymerization  in  the  vinyl 
group.  As  shown  in  Figure  11,  the  resin  is  a  mixture  of  difunctional  epoxy;  tetrafunctional 
amine,  a  unique  monomer  with  epoxy  and  vinyl  functionality;  and  divinyl  monomers.  The  resin 
mixture  is  cured  initially  at  low  temperature,  where  the  epoxy-amine  forms  a  polymer  network, 
while  the  vinyl  monomer  remains  unreacted  inside  the  network.  The  epoxy  end  of  the  unique 
monomer  used  in  the  resin  becomes  a  part  of  the  epoxy-amine  network  upon  initial  thermal 
curing,  while  the  vinyl  end  remains  pendant  on  the  network.  This  constitutes  a  C-stage  structure. 
The  C-stage  material  is  then  cured  completely  by  E-beam  to  form  a  second  network  of  vinyl 
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monomers  or  diluents.  The  polymerization  of  pendant  vinyl  groups  along  with  the  diluents 
provides  co-continuity  between  the  two  networks.  The  combination  of  two  networks  forms  an 
IPN.  Since  the  two  polymer  networks  were  formed  sequentially,  it  can  be  called  a  sequential 
IPN. 

The  advanced  feature  of  this  formulation  approach  is  that  the  resin  can  be  tailored  in  various 
ways  to  meet  any  specific  property  requirement.  By  varying  the  functionality  of  the  epoxy 
monomer,  the  cross-linking  density  of  the  C-stage  system — and,  hence,  the  Tg  of  the  cured 
system — can  be  varied.  The  number  of  pendant  double  bonds  on  the  epoxy-amine  network  can 
also  be  varied,  which  affects  the  cross-linking  density  of  the  vinyl  network  with  the  epoxy-amine 
network.  The  effect  on  the  property  of  the  cured  system  when  the  diluent  is  changed  is  also 
measurable.  The  resin  system  shown  in  Figure  11  meets  the  viscosity  requirement  of  the 
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VARTM  process  and  also  provides  a  Tg  temperature  in  the  range  of  250  °F.  To  approach  a  Tg  of 
350  °F,  the  cross-linking  density  of  the  C-stage  network  and  the  number  of  pendant  double 
bonds  were  varied.  The  composition  of  formulated  high-Tg  resin  was  varied  to  form  a  high-Tg 
resin  with  moderate  viscosity  and  a  high-Tg  resin  with  low  viscosity.  The  toughness  of  these 
materials  does  not  meet  the  standard  set  by  epoxy-based  VARTM  resins.  To  improve  the 
toughness  of  developed  IPN-based  VARTM  resins,  two  approaches  were  taken  (Figure  12): 

(1)  synthesis  of  a  new  homo-  or  copolymer  by  varying  the  reactive  diluent  and 

(2)  modification  of  the  existing  polymer  through  the  addition  of  a  second  polymeric 
component. 


Figure  12.  Approach  Used  to  Toughen  the  VARTM  Resin. 
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The  first  approach  involved  the  use  of  diluents  with  different  functionalities  as  well  as 
different  backbone  structures.  The  second  approach  is  also  called  blending.  Rubber  is  the  most 
commonly  employed  blending  agent  for  the  toughening  of  polymers.  It  provides  a  disperse 
phase  into  a  rigid  plastic  matrix  and  also  provokes  yielding  of  the  matrix  material.  As  a  result, 
the  blend  shows  considerably  higher  fracture  toughness  than  the  parent  polymer.  However,  in 
order  to  achieve  satisfactory  performance,  a  certain  degree  of  chemical  interaction  between  the 
resin  and  the  modifier  is  required  to  improve  the  interfacial  adhesion.  To  overcome  this 
limitation,  a  compatible  rubber  agent  whose  functionality  is  adjusted  according  to  the  chemical 
nature  of  the  matrix  was  added.  In  addition  to  the  use  of  a  rubber  modifier,  the  second  approach 
also  involved  the  use  of  dendritic  polymers.  These  polymers  have  a  functionality  compatible 
with  the  matrix  that  makes  them  soluble  in  uncured  resin.  However,  during  curing,  they 
precipitate  from  the  solution  and  phase  separate.  The  second  phase  results  in  overall  toughening 
of  the  two-phase  blend. 

3.4  E-Beam  VARTM  Resin  Formulation  Results 

3.4.1  Resin  Synthesis.  As  mentioned  earlier,  the  developed  resin  based  on  an  IPN  system  is 
made  up  of  two  parts:  the  step-growth  epoxy-amine  part  and  the  ffee-radical-curable  vinyl  part. 
The  base  resins  used  in  the  study  are  CCM1,  CCM2,  and  CCM3  (Table  7).  They  all  contain 
diluents  but  no  rubber  modifier.  CCM1  is  a  low-Tg  resin  with  low  viscosity.  CCM2  and  CCM3 
are  the  base  resins  with  high  Tg.  The  viscosity  of  CCM2  is  lower  than  that  of  CCM3. 


Table  7.  Base  Resin  Properties 


Resin 

Tg 

Viscosity 

_ (cp) _ 

30  °C 

40  °C 

50  °C 

CCM1 

Low  (250  °F) 

200 

170 

95 

CCM2 

High  (350  °F) 

340 

135 

125 

CCM3 

High  (350  °F) 

1050 

550 

200 
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The  replacement  of  diluents  or  addition  of  a  modifier  to  these  developed  resins  to  increase 
the  toughness  created  a  series  of  resins.  The  features  and  properties  of  diluents  and  rubber 
modifiers  investigated  are  shown  in  Table  8. 


Table  8.  Rubber  Modifiers  and  Diluents  Used  for  Toughening 


■ 

Features 

Viscosity 
(25  °C) 

Functionality 

D1 

8  cps 

Di- 

D2 

Aromatic  backbone 

— 

Di-  i 

D3 

Flexible 

— 

Mono- 

D4 

Flexible  and  high-impact  strength 

25  cps 

Di-  1 

D5 

11  cps 

Mono- 

D6 

Low  shrinkage 

67  cps 

Di- 

R1 

High  elastomer  content  and  high  viscosity 

1,500-2,500  poise 

Di- 

R2 

High  elastomer  content  and  moderate  viscosity 

40-80  poise 

Di- 

R3 

High  elastomer  content  and  moderate  viscosity 

20  poise 

Di- 

The  series  of  resins  formulated  using  these  constituents  and  base  resin  is  tabulated  with  their 
composition  in  Table  9.  Each  number  in  parentheses  suggests  the  overall  weight  percentage  of 
that  component  in  a  resin  mixture.  Each  of  these  sets  was  mixed  thoroughly  and  degassed  before 
being  cured  at  low  temperature  to  form  a  C-stage  structure.  The  C-stage  material  was  then 
exposed  to  E-beam  for  complete  curing. 

3.4.2  Determination  of  E-Beam  Dose.  To  determine  the  optimum  E-beam  dose  required  for 
cure,  Fourier  transform  infrared  (FT1R)  spectroscopy  was  employed.  Several  samples  of  one 
formulation  were  C-staged  and  then  exposed  to  varying  levels  of  E-beam  dose.  The  conversion 
obtained  as  a  result  of  E-beam  exposure  was  then  measured  and  compared.  The  range  of  E-beam 
dose  selected  was  from  0.5  Mrad  to  30  Mrad  because  most  of  the  radiation-cured  systems 
evaluated  thus  far  cure  between  7  and  25  Mrad.  The  plot  of  E-beam  dose  vs.  percentage 
conversion  of  vinyl  group  is  shown  in  Figure  13.  The  conversion  increases  rapidly  with  an 
increase  in  E-beam  dose  for  low  doses.  Once  the  E-beam  dose  increases  beyond  2  Mrad,  the 
increase  in  conversion  slows  down.  Since  the  increase  in  dose  also  increases  process  cost,  a 
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Table  9.  Developed  Resin  Composition 


Set 

Base  Resin 

Diluents 

(Overall  Percentage) 

Modifier 

(Overall  Percentage) 

CCM4 

CCM1 

D1  (30) 

D2  (20) 

R1  (5) 

CCM5 

CCM1 

D1  (30) 

D2  (20) 

R1  (10) 

CCM6 

CCM2 

Dl  (30) 

D2  (20) 

Rl(5) 

CCM7 

CCM2 

D1  (30) 

D2  (20) 

R1  (10) 

CCM8 

COM3 

Dl  (25) 

D2  (25) 

Rl(5) 

CCM9 

CCM3 

D1  (25) 

D2  (25) 

R1  (10) 

CCM10 

CCM1 

Dl  (30) 

D2  (20) 

R2  (10) 

CCM11 

CCM1 

D2  (20) 

R3  (10) 

CCM12 

CCM2 

Dl  (30) 

D2  (20) 

R2  (10) 

CCM13 

CCM2 

Dl  (30) 

D2  (20) 

R3  (10) 

CCM14 

CCM3 

Dl  (25) 

D2  (25) 

R2  (10) 

CCM15 

CCM3 

Dl  (25) 

D2  (25) 

R3  (10) 

CCM16 

CCM1 

D3  (30) 

D2  (20) 

— 

CCM17 

CCM1 

D4  (30) 

D2  (20) 

— 

CCM18 

CCM1 

D5  (30) 

D2  (20) 

— 

CCM19 

CCM1 

D6  (30) 

D2  (20) 

— 

CCM20 

CCM2 

D3  (30) 

D2  (20) 

— 

CCM21 

CCM2 

D4  (30) 

D2  (20) 

— 

CCM22 

CCM2 

D5  (30) 

D2  (20) 

— 

CCM23 

CCM2 

D6  (30) 

D2  (20) 

— 

CCM24 

CCM3 

D3  (25) 

D2  (25) 

— 

1  CCM25 

COM3 

D4  (25) 

D2  (25) 

— 

CCM26 

CCM3 

D5  (25) 

D2  (25) 

— 

CCM27 

CCM3 

D6  (25) 

D2  (25) 

— 

tradeoff  exists  between  conversion  and  process  economy.  Based  on  that,  for  the  present  work,  a 
dose  of  20  Mrad  was  selected  as  optimum. 

3.4.3  Viscosity  Evaluation.  Resin  viscosity  is  an  important  factor  in  VARTM  processing. 
The  viscosity  of  the  developed  resin  was  measured  at  the  beginning  of  the  curing  process  at  three 
temperatures.  Viscosity  experiments  were  carried  out  on  a  Brookfield  Model  LVDV II  +  digital 
viscometer.  Sample  temperature  was  controlled  with  the  Brookfield  small-sample  adapter  and 
Brookfield  bath/circulator  model  TC-200.  The  viscometer  consists  of  a  fixed  outer  cylinder  and 
a  spindle  that  rotates  at  a  constant  angular  velocity.  The  spindle  is  connected  to  a  torque  spring. 


Figure  13.  Percentage  Conversion  of  Vinyl  Group  as  a  Function  of  E-Beam  Dose. 

which  measures  the  frictional  resistance  offered  by  the  sample.  The  viscometer  converts  the 
resistance  into  viscosity. 

All  components  of  the  synthesized  resin,  except  the  curing  agent,  were  mixed  and  heated  to 
the  desired  temperature.  The  curing  agent  amine  was  added  after  the  equilibrium  temperature 
was  reached.  Approximately  10  ml  of  sample  was  measured  and  used  for  viscosity  analysis. 
After  the  addition  of  amine,  initial  viscosity  was  measured.  Viscosity  data  were  collected  at 
various  temperatures. 

3.4.4  Tg  Measurement.  The  Tg  of  the  cured  resin  was  measured  using  a  DuPont  983 
Dynamic  Mechanical  Analyzer  (DMA)  interfaced  with  a  DuPont  9900  thermal  analyzer.  A 
sample  with  dimensions  of  approximately  30  mm  x  10  mm  x  2.5  mm  was  prepared  from  the 
cured  resin  matrix.  The  specimens  were  placed  in  the  test  grips,  and  the  arm  displacement  was 
zeroed.  The  heater  assembly  surrounding  the  sample  provided  a  uniform  temperature 
environment. 
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The  DMA  was  run  in  fixed-frequency  mode  at  1  Hz.  The  peak-to-peak  amplitude  was  kept 
between  0.1  and  0.3  mm.  The  sample  was  heated  at  5  °C/min  to  the  final  temperature  of  200  °C. 
The  shear  storage  and  loss  moduli  obtained  were  stored  as  a  function  of  temperature. 

3.4.5  Fracture  Toughness  Measurement.  The  energy  required  to  fracture  the  cured 
material  surface  was  measured  using  the  ASTM  D5045  method.  The  test  is  designed  to 
characterize  the  toughness  of  plastics  in  terms  of  the  energy  per  unit  area  of  crack  surface  or 
critical  strain  energy  release  rate,  Gic,  at  fracture  initiation. 

Specimens  for  toughness  testing  were  prepared  according  to  the  ASTM  standard.  The 
sample  was  then  sectioned  to  meet  ASTM  standards.  The  next  step  in  preparing  the  specimen 
after  cutting  is  notching  to  initiate  the  crack.  Once  the  notch  was  made,  it  was  measured  and 
checked  according  to  the  ASTM  standard.  For  each  set  under  investigation,  five  specimens  were 
prepared.  One  specimen  from  each  set  was  left  unnotched  to  serve  as  a  control  specimen  and  to 
enable  determination  of  a  compliance  calibration  curve. 

3.4.6  CCM1 -Based  Systems.  Figure  14  shows  the  initial  viscosity  of  all  the  systems  based 
on  CCM1  resin  at  various  temperatures.  The  initial  viscosity  of  all  sets  decreases  with  an 
increase  in  temperature.  They  all  exhibit  viscosity  significantly  below  the  criteria  required  for 
VARTM  processing. 

The  viscosity,  Tg,  storage  modulus  E',  GQ,  and  KQ  data  for  CCM1 -based  resins  are  shown  in 
Table  10.  Empty  entries  in  the  table  indicate  that  the  analysis  was  underway  at  the  time  of  this 
report.  The  combined  analysis  gives  a  broader  view  on  the  performance  of  the  resin.  CCM4  and 
CCM5,  the  systems  with  a  rubber  modifier  added,  show  no  change  from  the  base  resin  in  terms 
of  Tg.  The  plot  of  storage  modulus  and  loss  modulus  as  a  function  of  temperature  for  the  CCM4 
system  is  shown  in  Figure  15.  At  Tg,  the  material  becomes  rubberlike.  Hence,  the  loss  modulus 
shows  a  peak  at  Tg  temperature.  For  the  CCM4  system,  Tg  is  well  exhibited  by  a  distinct  peak  of 
loss  modulus  at  120  °C.  Although  the  viscosity  of  the  CCM5  resin  is  higher  than  that  of  the  base 
resin  CCM1,  it  is  significantly  lower  than  required  by  VARTM  processing.  The  addition  of 
10- weight-percent  (wt%)  R1  rubber  to  the  system  increases  the  fracture  toughness  of  the  base 
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System 


Figure  14.  Viscosity  Analysis  of  CCMl-Based  Modified  Systems. 


Table  10.  Properties  of  CCMl-Based  Modified  Resins 


Viscosity 

(cps) 

Tg 

(°C) 

E'  at  Room 
Temperature 

(GPa) 

G°2 

(J/m2) 

K0 

(MPa.m05) 

30  °C 

40  °C 

50  °C 

mssssm 

693 

450 

307 

3.25 

— 

— 

1200 

850 

450 

120 

2.15 

883.86 

2.034 

CCM10 

363 

95 

— 

— 

— 

CCMll 

475 

315 

210 

120 

2.5 

464.82 

1.452 

CCM16 

1080 

985 

625 

85 

2.25 

2458.84 

— 

CCM17 

720 

710 

680 

70 

3.0 

3959.72 

— 

CCM18 

275 

175 

112 

2.8 

— 

— 

CCM19 

1512 

885 

540 

72 

2.5 

4330.16 

3.532 

resin  by  approximately  134%.  The  addition  of  low-viscosity  rubber  R3  to  the  base  resin,  CCM1, 
also  results  in  a  Tg  of  about  120  °C.  However,  the  critical  strain  energy  release  rate  at  the 
fracture  initiation  is  less  than  that  of  the  base  resin. 
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LU. 


Figure  15.  DMA  Analysis  of  the  CCM4  Resin  System. 


The  effect  of  replacing  the  diluent  of  the  CCM1  resin  resulted  in  a  low  Tg  of  the  modified 
system.  The  diluents  D3,  D4,  and  D6 — corresponding  to  resin  systems  CCM16,  CCM17,  and 
CCM19,  respectively — resulted  in  Tg  below  100  °C.  These  diluents  were  used  because  of  their 
flexible  backbones.  The  resin  systems  with  these  flexible  diluents  failed  at  high  fracture  energy. 
They  exhibited  fracture  toughness  values  4  to  6  times  higher  than  those  of  the  base  resin,  but  at 
the  expense  of  the  Tg.  The  resin  system  CCM18  exhibited  a  Tg  value  similar  to  that  of  the  base 
resin.  The  plot  of  storage  and  loss  modulus  as  a  function  of  temperature  for  the  CCM18  system 
is  shown  in  Figure  16.  The  storage  modulus  shows  the  elastic  energy  stored  by  the  system. 
Generally,  the  storage  modulus  of  the  system  decreases  with  the  increase  in  temperature.  As 
seen  in  Figure  16,  for  the  CCM18  system,  the  storage  modulus  remains  unchanged  up  to  100  °C. 
This  characteristic  of  the  system  indicates  higher  fracture  toughness.  Most  of  the  developed 
systems  showed  acceptable  storage  modulus  at  room  temperature. 


28 


Temperature  (°C) 


Figure  16.  Storage  and  Loss  Moduli  as  a  Function  of  Temperature  for  the  CCM18  Resin. 


3.4.7  CCM2-Based  Systems.  The  CCM2  resin  is  a  high-Tg  low-viscosity  resin.  The 
modifications  used  for  the  CCM1  system  were  also  applied  to  the  COM2  system.  The  viscosity 
analysis  of  the  modified  CCM2  system  is  shown  in  Figure  17.  The  results  of  fracture  toughness 
and  viscosity  analysis  along  with  Tg  analysis  are  shown  in  Table  11.  The  cured  CCM2  resin  has 
higher  cross-linking  than  the  CCM1  resin,  which  gives  a  higher  Tg  for  the  CCM2  resin. 
However,  the  increase  in  cross-linking  density  reduces  the  toughness  of  the  system.  It  has  been 
shown  that  the  addition  of  rubber  to  a  highly  cross-linked  system  does  not  provide  significant 
improvements  in  toughness  [1].  However,  the  system  under  investigation,  CCM2,  does  not  fall 
in  that  highly  cross-linked  category.  Hence,  little  attempt  was  made  to  increase  the  toughness 
via  the  addition  of  rubber  modifiers.  The  addition  of  5  wt%  rubber  (CCM6)  to  the  CCM2-based 
resin  yields  a  fracture  toughness  of  487.22  J/m2.  Further  addition  of  rubber  modifier  results  in 
deterioration  of  toughness. 

Another  common  approach  to  increase  the  toughness  of  the  highly  cross-linked  materials  is 
to  blend  them  with  the  ductile  tough  materials.  Here,  a  similar  concept  was  adopted  in  the  form 
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Figure  17.  Viscosity  Analysis  of  CCM2-Based  Modified  Systems. 
Table  11.  Properties  of  CCM2-Based  Modified  Resins 


Viscosity 
(cps  -  50  °C) 

Tg 

(°C) 

E'  at  Room 
Temperature 

(GPa) 

Gic 

(J/m2) 

— 

■BBI 

CCM6 

267 

148 

2.15 

487.22 

1.625 

CCM7 

392 

150 

2.5 

289.35 

1.079  ; 

CCM12 

309 

142 

1.75 

— 

— 

CCM13 

264 

152 

— 

367.93 

— 

CCM20 

465 

99 

3.0 

315.45 

— 

CCM22 

375 

155 

1.55 

379.11 

1.268 

CCM23 

467 

75 

2.0 

— 

— 

of  diluent  replacement.  The  CCM20  to  CCM24  resins  show  the  effect  of  diluent  on  Tg.  Since, 
the  CCM21  resin  could  not  be  cured,  it  is  not  included  in  Table  11.  The  use  of  diluent  with 
flexible  backbone  such  as  D4  and  D6  reduced  the  Tg  of  the  base  resin  dramatically.  The  addition 
of  D5  diluent  with  cyclic  backbone  to  the  base  resin  (CCM22)  imparts  toughness  similar  to  the 
CCM13  system  with  rubber  modifier  R3.  Figure  18  shows  the  storage  and  loss  moduli  as  a 
function  of  temperature  for  the  CCM7  system.  The  plot  of  loss  modulus  vs.  temperature  shows  a 
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Figure  18.  Plot  of  Storage  and  Loss  Modulus  for  the  CCM7  System 


single  peak  at  150  °C  for  the  rubber-modified  CCM7  system.  The  storage  modulus  values  for 
the  other  systems  are  shown  in  Table  1 1 . 

3.4.8  CCM3‘Based  Systems.  The  CCM3  system  is  similar  in  C-stage  structure  to  the  CCM2 
system.  However,  the  diluent  content  makes  this  system  viscous  compared  to  CCM2.  The  initial 
viscosity  of  the  CCM3-based  modified  resin  at  various  temperatures  is  shown  in  Figure  19.  The 
VARTM  process  allows  the  use  of  temperatures  higher  than  room  temperature.  At  50  °C,  the 
viscosities  of  the  modified  resins  fall  close  to  the  limit  for  VARTM  processing. 


System 

Figure  19.  Initial  Viscosity  of  the  CCM3-Based  Toughened  Systems. 


Table  12  shows  the  rheological,  thermomechanical,  and  mechanical  properties  of 
CCM3-based  modified  systems.  CCM15  resin  is  the  base  resin  CCM3  with  the  addition  of 
rubber  modifier  R3.  This  system  exhibited  high  toughness  but  low  Tg.  CCM26,  the  system 
containing  the  D5  diluent,  demonstrated  an  excellent  Tg.  The  toughness  of  the  CCM26  system  is 
also  comparable  to  that  of  the  rubber-modified  CCM14  resin.  The  DMA  analysis  of  cured  the 
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Table  12.  Properties  of  CCM3-Based  Modified  Resins 


Viscosity 
(cp  at  50  °C) 

Tg 

(°C) 

E'  at  Room 
Temperature 
(GPa) 

Gic  in 
(J/m2) 

Kic 

(Mpa.m°'5) 

505 

160 

3.15 

— 

— 

K31MHH 

1,000 

156 

2.6 

— 

— 

CCM14 

495 

144 

2.65 

472.49 

— 

CCM15 

565 

139 

2.75 

647.42 

— 

CCM24 

900 

— 

— 

233.46 

1.0227 

CCM26 

860 

2.15 

472.22 

1.492 

CCM27 

950 

120 

2.85 

— 

— 

CCM26  system  is  shown  in  Figure  20.  The  CCM3-based  systems  all  show  exceptionally  high 
values  of  storage  modulus  at  room  temperature,  as  shown  in  Table  12. 


W. 


Figure  20.  Thermomechanical  Analysis  of  CCM26  (CCM3  With  Diluent  D5  Added). 

3.5  E-Beam  VARTM  Resin  Conclusions.  The  toughening  of  base  free-radical-cured 
VARTM  resin  was  carried  out  by  the  addition  of  a  rubber  modifier  and  replacement  of  the 
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diluent.  The  addition  of  high-viscosity  rubber  R1  to  low  and  high-Tg  resins  increased  the 
toughness  without  affecting  the  Tg.  Although  the  viscosity  was  also  increased,  it  remained 
within  the  range  required  by  the  VARTM  process.  The  addition  of  moderate-viscosity  rubber 
(R2  and  R3)  did  not  demonstrate  the  performance  achieved  with  the  R1  rubber  modifier. 

The  approach  of  replacing  the  diluent  of  the  base  resin  to  increase  the  toughness  was  selected 
because  the  diluents  form  a  co-continuous  structure  upon  curing,  which,  in  turn,  governs  the 
properties  of  the  cured  resin.  The  selection  of  diluents  with  a  flexible  backbone  such  as  D3,  D4, 
and  D6  yielded  high  toughness,  but  at  the  expense  of  Tg.  The  appropriate  diluent  was  one  with  a 
cyclic  or  hard  backbone  (e.g.,  D5).  The  resin  mixture  with  the  D5  showed  an  increase  in 
toughness  without  sacrificing  the  thermomechanical  properties  of  the  cured  material. 

Overall,  most  of  the  modified  systems  exhibited  viscosity  within  the  range  required  for 
VARTM  processing.  They  achieved  or  surpassed  the  Tg  of  vinyl-ester  resin,  while  providing  the 
high  toughness  of  epoxy-based  VARTM  resin. 

Future  work  is  aimed  at  the  use  of  dendritic  polymers  to  increase  the  toughness  of  the  base 
resin.  Also,  the  issue  of  combining  the  rubber  modifier  with  the  diluent  is  unexplored. 
Significant  potential  exists  to  increase  the  toughness  of  the  base  resin  if  a  tough  diluent  such  as 
D5  can  be  combined  with  a  rubber  modifier  such  as  Rl.  Microscopic  examination  of  the 
toughened  material  will  also  be  addressed  in  future  work.  Two  of  the  resins  previously  described 
will  be  used  to  fabricate  composite  panels  using  AS4  fabric  preforms  and  will  become  the 
baseline  system  in  the  development  of  E-beam  VARTM  resins. 

Cationically  cured  systems  are  also  being  evaluated,  with  the  most  promising  formulation 
being  VAEB-8,  which  exhibits  resin  shrinkage  of  less  than  2%,  a  dry  Tg  of  150  °C,  and  a  wet  Tg 
of  125  °C.  Composite  laminates  for  evaluation  will  be  fabricated  using  VAEB-8  injected  at 
55  °C  into  AS4  fabric  preforms  and  E-beam  cured. 
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Work  continues  in  the  development  of  cationic  VARTM  systems  to  attain  a  better  balance  of 
viscosity,  pot  life,  and  retention  of  an  elevated-temperature  modulus. 

4.  E-Beam  Repair  Adhesive  Formulation 


4.1  Introduction  to  E-Beam  Repair  Adhesive  Formulation.  The  ability  to  perform 
effective  repairs  of  composite  structures  on  military  structures  will  be  governed  to  a  large  extent 
by  the  properties  of  the  repair  adhesives.  Previous  research  [2]  has  shown  that  there  are  no 
E-beam  adhesives  that  match  the  performance  standards  of  thermally  cured  epoxies.  This  may 
be  attributed  to  a  number  of  factors.  Notably,  the  inability  to  effectively  toughen  the  E-beam 
resins  results  in  adhesives  with  poor  resistance  to  peel  and  delamination.  Hence,  the 
development  of  adhesives  in  this  program  mirrors  the  other  E-beam  resin  development  efforts  in 
that  a  major  goal  is  to  toughen  the  existing  E-beam  systems  so  that  they  can  be  used  as  structural 
adhesives.  Furthermore,  adhesive  materials  must  be  available  in  a  variety  of  product  forms  to 
provide  flexibility  in  repair  and  remanufacturing  operations.  These  product  forms  include 
two-part  pastes,  one-part  pastes,  supported  and  unsupported  films,  and  low-viscosity  liquids. 
Initial  efforts  have  focused  on  development  of  toughened  two-part  pastes  and  infinite-shelf-life 
one-part  pastes  and  films.  To  date,  the  greatest  success  has  been  in  formulating  two-part 
adhesives  based  on  the  CCM  series  of  BPN-based  E-beam  resins. 

4.2  E-Beam  Repair  Adhesive  Selection  Criteria.  The  adhesives  currently  being  used  for 
thin-walled  structural  repair  will  be  evaluated  to  provide  baseline  property  values.  Most  repairs 
of  these  types  employ  either  250  °F  or  350  °F  curable  epoxy  film  adhesives  or  two-part  pastes. 
These  materials  have  been  well  characterized.  Table  13  gives  some  typical  target  values  for 
adhesive  formulations  based  on  the  properties  of  thermally  cured  adhesive  baselines.  The  goal 
will  be  to  approach  these  performance  target  values  for  each  relevant  product  form. 

Critical  properties  to  be  measured  and  tabulated  will  include  characterization  of  the  adhesive 
Tg  (dry  and  wet),  elastic  constants,  strength,  and  toughness,  as  well  as  adhesive  bond  properties 
for  metal-metal,  composite-composite,  and  composite-metal  joints.  The  properties  of  the  new 
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Table  13.  Adhesive  Formulations 


Property 

Target  Value 

Tg  temperature 

95-105  °C 

Service  temperature 

82-95  °C 

Tensile  modulus  (RT) 

3.0  GPa 

I  Metal-Metal  Bonds  If 

Lap-shear  strength  RT  (Al-Al) 

35-43  MPa 

Lap-shear  strength  service 
temperature 

16-28  MPa 

Floating  roller  peel 

8-11  KN/m 

Sandwich  peel 

75-100  Nm/m 

resins  will  be  compared  to  those  of  the  baseline  thermally  cured  adhesives  to  assess  relative 
performance.  The  results  of  the  mechanical  testing  will  be  augmented  by  corresponding 
chemical  and  physical  characterization  of  the  resins. 

Lap-shear  strength  for  both  aluminum-aluminum  and  composite-composite  joints  was  the 
primary  screening  evaluation.  Adhesives  that  matched  or  approached  the  performance  of  their 
thermally  cured  counterparts  were  selected  for  further  evaluation.  This  screening  procedure  also 
permitted  rapid  feedback  on  performance  deficiencies  in  certain  instances.  For  downselected 
candidates,  the  bonded  adhesive  joints  will  be  evaluated  using  climbing  drum  peel  (ASTM 
D1781),  lap-shear  (ASTM  D1002),  wedge-crack  extension  (ASTM  D3762),  and  other  testing,  as 
deemed  necessary,  to  gain  confidence  in  the  properties  of  newly  developed  materials. 

4.3  E-Beam  Repair  Adhesive  Formulation  Approach.  As  discussed  earlier,  two  major 
classes  of  radiation-curable  systems  will  be  used  in  this  program.  These  include  the  low- 
shrinkage  C-stageable  free-radical  CCM  systems  based  on  epoxy  and  urethane  chemistries,  as 
well  as  the  cationically  cured  CAT-M  systems.  During  this  task,  activities  will  focus  on 
modifying  these  systems  to  improve  fracture  toughness.  The  team  developed  these  systems  by 
formulating  toughening  agents  into  the  base  resins,  as  is  typical  of  a  second-phase  toughener,  or 
via  novel  approaches  to  toughening  based  on  resin  chemistry,  whereby  flexible  linkages  are 
incorporated  into  the  radiation-curable  resin  backbone. 
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The  untoughened  s-IPNs  have  good  strength  properties  but  are  quite  brittle.  However,  these 
systems  may  be  toughened  through  a  number  of  methods.  In  thermally  cured  epoxies,  toughness 
is  improved  by  the  addition  of  rubber,  which  is  chemically  bonded  into  the  network  through 
reactive  end  groups  [3].  The  rubber  components  that  were  studied  for  adhesives  evaluation 
included  various  butadiene-nitrile  liquid  rubbers,  dendritic  polymers,  and  preformed  particles. 
Also,  suitable  diluents  were  used  to  modify  base  formulations  to  control  the  viscosity  of 
formulated  adhesives.  Table  14  lists  the  modifiers  and  diluents  that  were  used  in  this  work. 


Table  14.  Modifiers  and  Diluents  for  Adhesives  Formulation 


ID 

Description 

Functionality 

Ml 

CTBN  -  Epoxy  adduct 

Epoxy 

M2 

CTBN  -  Epoxy  adduct 

Epoxy 

M3 

CTBN  -  Epoxy  adduct 

Epoxy 

M4 

CTBN  -  adduct  (low  viscosity) 

Epoxy 

M5 

CTBN  -  adduct  (low  viscosity) 

Epoxy 

M6 

CTBN 

Carboxy 

M7 

ATBN 

Amine 

M8 

ATBN 

Amine 

M9 

ETBN  -  styrene  blend 

Epoxy  -  vinyl 

M10 

ETBN 

— 

imam 

Polester  polyol  -  epoxy 

Epoxy 

M12 

Polester  polyol  -  epoxy 

Epoxy 

M13 

CORE-shell  acrylic 

— 

D1 

Low-viscosity  methacrylate 

Methacrylate 

D2 

Viscosity  D1 -methacrylate 

Methacrylate 

D3 

Low- Viscosity  mono  methacrylate 

Methacrylate 

CE1 

Epoxy  chain  extender 

— 

CE2 

Epoxy  chain  extender 

— 

Base  resin  formulations  for  the  IPN-based  adhesives  were  similar  to  those  described  earlier. 
However,  diluent  and  modifier  selection  were  used  to  control  processing  and  cure  properties. 
The  diepoxide  that  was  selected  is  the  bis-phenol-A-based  epoxy,  EPON  828,  provided  by  Shell 
Chemical,  Inc.  Along  with  the  selected  bis  (p-aminocyclohexyl)  methane,  PACM,  the  epoxy 
demonstrates  a  Tg  of  approximately  175  °C.  This  temperature  is  suitable  for  adhesive  repair  of 
Army  materials;  however,  the  Tg  of  the  epoxy  network  can  be  increased  through  the  addition  of  a 
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high-function  (tetrafunctional)  amine  or  aromatic  amines.  PACM,  an  aliphatic  amine  provided 
by  Air  Products,  Inc.,  is  selected  because  of  the  importance  of  the  environmental  impact  of  the 
resin  formulations.  PACM  is  less  caustic  and  hazardous  than  alternative  aromatic  amines. 

4.3.1  Epoxy  Adhesive  Toughening.  As  with  most  pure  epoxy  networks,  the  E-beam-cured 
EPON  828/PACM/methacrylate  network  is  very  brittle.  Consequently,  the  material  is 
inadequate  for  most  adhesive  applications.  Improving  the  toughness  of  these  s-IPN  blends  is 
key  to  creating  an  alternative  cure  adhesive  by  this  approach.  Other  research  efforts  have 
demonstrated  the  challenges  associated  with  toughening  epoxy  resins,  especially  cationic  epoxy 
resins  that  are  cured  through  E-beam  methods  [2,  4].  However,  toughening  of  brittle  epoxy 
networks  has  been  accomplished  by  Kinloch,  Riew,  and  others  over  the  past  decade  [5].  The 
body  of  work  in  toughening  of  epoxy  networks  has  demonstrated  that  brittle  thermosets  can  be 
toughened  without  a  significant  sacrifice  in  Tg  through  two  approaches:  the  addition  of  rubber 
and  the  addition  of  chain  extenders. 

The  first  method  of  toughening  involves  the  addition  of  a  second  phase,  commonly  a  rubber 
or  TP,  to  the  thermoset.  A  functionalized  rubber  is  added  to  the  uncured  epoxide/amine  mixture 
and  co-cured  with  the  epoxy  network.  During  cure,  the  rubber  becomes  insoluble  in  the  growing 
epoxy  network  and  separates  into  rubber  domains.  The  small  rubber  concentration  [6]  in  the 
network  causes  discrete  rubber  particles  (0.2-5  pm)  to  form  inside  the  network  [7-9].  These 
rubber  particles  improve  toughness  by  changing  the  energy  absorption  of  the  matrix  and 
inhibiting  premature  failure  of  the  thermoset,  which  often  results  from  small  defects. 
Alternatively,  the  second  phase  is  added  as  rubber  or  TP  particles.  The  size,  surface  binding,  and 
concentration  of  the  particles  greatly  influences  the  toughness  of  the  thermoset  [7,  8].  Often,  the 
surface  of  the  particles  is  coated  with  an  adhesion  promoter  to  enhance  the  interaction  between 
the  thermoset  and  the  filler.  Generally,  the  addition  of  discrete  particles  for  toughening  is  less 
effective  than  the  addition  of  reactive  rubbers  [3]. 

The  second  method  of  toughening  thermosets  is  to  add  chain  extenders  to  the  network  [9]. 
The  average  distance  between  cross-links  is  a  key  parameter  governing  the  toughness  of  the 
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network.  Through  insertion  of  a  fraction  of  oligomers  into  the  network,  the  average  number  of 
cross-links  per  unit  volume  is  reduced,  providing  greater  flexibility  to  the  network  although 
usually  at  the  expense  of  the  Tg. 

Toughening  of  s-IPNs  has  been  evaluated  using  a  reactive  rubber  and  a  reactive  dendrimer. 
Upon  curing,  both  the  rubber  and  the  dendrimers  phase-separate  into  discrete  rubber  domains. 
Although  cure  conditions  reportedly  affect  the  formation  of  the  rubber  domain  size  and, 
consequently,  the  overall  matrix  toughness,  the  impact  of  cure  conditions  has  not  yet  been 
evaluated  in  this  study.  A  maximum  toughness  enhancement  in  a  pure-epoxy  matrix  is  obtained 
with  rubber  loading  between  8%  and  12%  by  weight.  Dendrimer  suppliers  report  that  optimum 
toughness  of  epoxy  formulas  of  these  materials  is  also  10%  by  weight.  For  the  purposes  of  this 
report,  a  number  of  reactive  rubber  and  dendrimer-like  polymers  were  explored;  the  tested 
materials  are  listed  with  their  characteristics  in  Table  14. 

4.3.2  Infinite  Shelf-Life  Formulation  Methods.  Base  formulation  of  experimental  one-part 
adhesive  resins  is  designed  by  controlling  the  extent  of  reaction  of  the  epoxy  matrix.  The  issue 
of  gelation  in  condensation-type  reactions  where  monomer  A-A  reacts  with  monomer  B-B  and 
B3N  can  be  predicted  and  controlled.  Gelation  is  the  point  when  an  infinite  network  exists.  The 
gel  point  can  be  predicted  from  the  number  and  functionality  of  the  monomers  present  in  the 
condensation  reaction.  The  following  is  an  example  of  a  condensation  reaction: 

A+A  +  B3N  A-A-BNBB-AA-BBNB-, 

where  B3N  is  trifunctional  (f  =  3).  The  critical  point  for  gelation  (otc),  defined  as  the  point  extent 
of  conversion  of  “B”  required  to  form  an  infinite  network,  is  defined  as  follows: 


ac=l/(f-  1). 

Thus,  controlling  the  extent  of  reaction  conversion  is  achieved  by  controlling  either  the 
amine  functionality  or  the  epoxy  functionality  of  the  system.  A  blend  of  mono-  and 
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multifunctional  amines  generates  a  high-molecular-weight  soluble  hyperbranched  polymer.  The 
stability  of  such  a  molecule  is  dependent  upon  the  reaction  completion  of  the  epoxide/amine. 
Alternatively,  monofunctional  epoxides  can  be  added  to  the  mixture  to  decrease  the  probability 
of  infinite  network  formation. 

Initial  experiments  demonstrated  that  limiting  the  epoxy  network  formation  in  EPON 
828/P  ACM/dimethacrylate  adhesives  produces  a  processible  material  with  high  stability.  The 
epoxy  network  was  thermally  cured  in  the  presence  of  the  free-radical  monomers  to  create  a 
paste-like  substance.  The  amine  was  suitably  end-capped  to  prevent  premature  gelation  but 
permit  network  formation  during  E-beam  radiation.  These  materials  were  then  evaluated  for 
shelf-life  stability  using  FTIR.  The  results  are  reported  in  subsequent  sections. 

4.4  E-Beam  Repair  Adhesive  Formulation  Results.  The  toughness  of  model  adhesive 
formulation  was  evaluated  using  single-edge  notch  flexure  specimens.  The  tests  were  performed 
in  accordance  with  ASTM  D5045.  The  effect  of  5%  rubber  addition  to  base  IPN  resins  was,  in 
some  instances,  dramatic.  The  toughness  was  increased  subtantially  for  many  of  the  modifiers 
that  were  examined.  In  two  cases,  toughness  increased  by  nearly  a  factor  of  2.  Further  research 
is  needed  to  optimize  the  toughness  improvements  in  these  resin  systems,  and  this  work  is 
presently  ongoing.  However,  the  ability  to  toughen  these  E-beam  resins  is  significant  and  is  a 
major  accomplishment  to  date.  The  improved  toughness  should  have  a  direct  impact  on  the 
performance  of  joints  produced  using  these  modified  resins.  The  mechanical  properties  of  the 
adhesives  have  been  tested  on  composite  lap-shear  specimens.  Prepared  samples  were  tested  as 
both  green  and  fully  cured  adhesive  specimens.  The  results  are  shown  in  Tables  15  and  16. 

From  the  mechanical  data,  it  is  evident  that  the  bond  strengths  of  the  E-beam  adhesives  are 
adequate.  Composite  failure  was  observed  in  all  samples,  except  for  CAOl,  which  is  a  one-part 
adhesive  formulation.  The  toughened  one-part  adhesive,  CA02,  demonstrated  both  better 
adhesive  strength  and  better  toughness  than  the  untoughened  case.  The  source  of  this 
improvement  has  not  yet  been  determined. 
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Table  15.  Double-Notch  Lap-Shear  Results 


Sample  ID 

Bond  Strength 

Tg 

(°C) 

CA5 

2000±100PSI 

120 

CA6 

2300±100  PSI 

121 

CAOl 

1550±100  PSIa 

CA02 

2000±100  PSI  | 

88b 

Dexter  Hysol  EA9394 

3200±100PSI 

78 

a  Sample  failed  in  the  bondline. 
b  Epoxy  network  not  fully  cured  (FTIR). 


Table  16.  Lap-Shear  Results 


Sample  ID 

Bond  Strength 

Tg 

(°C) 

CA1  (2-pt) 

2900±100  PSI 

120 

CA2  (2-pt) 

2750±100  PSI 

121 

CA3  (2-pt) 

3100±100  PSI 

120  ! 

CA4  (2-pt) 

3400±100  PSI 

121 

Dexter  Hysol  EA9394 

37001100  PSI 

78 

The  Tg  of  each  of  these  adhesive  samples  was  also  measured  using  DMA.  The  results  are 
also  listed  in  Tables  15  and  16.  The  target  Tg  of  a  250  °F  adhesive  is  well  within  the  scope  of 
this  effort.  Work  is  currently  being  done  to  further  increase  the  Tg  of  the  network  by  modifying 
the  acrylate  network  content  and  the  ratio  of  epoxy  to  acrylate  in  the  mixture. 


Since  these  adhesives  produced  joints  that  exceeded  the  strengths  of  the  composite 
adherends,  further  tests  were  performed  on  aluminum-aluminum  lap  joints  to  determine  the 
ultimate  properties  of  the  adhesive.  Aluminum  (7075-T6)  coupons  were  surface-treated  prior  to 
bonding.  The  surface  treatments  employed  were  all  chromate-free  to  maintain  the  goal  of 
environmentally  friendly  bonding  and  repair  methods.  In  this  case,  the  aluminum  was  etched 
using  the  P-2  process.  For  comparison,  joints  were  also  bonded  using  commercially  available 


41 


adhesives.  FM73  and  EA9628  were  selected  as  film  adhesives,  and  E9394  was  used  as  a 
two-part  paste  formulation. 

The  results  of  the  aluminum-aluminum  lap-shear  testing  (Table  17)  are  very  encouraging. 
The  strengths  are  higher  than  what  has  been  reported  for  previously  developed  E-beam 
adhesives.  They  also  approach  the  film-adhesive  baselines.  The  large  degree  of  scatter  must  be 
addressed  during  production  of  our  best  candidate  materials.  Failure  analysis  of  the  joints 
revealed  less  than  consistent  degrees  of  cure,  indicating  uneven  E-beam  irradiation.  This  issue 
will  be  addressed  during  future  work. 


Table  17.  Joint  Strengths  of  Aluminum- Aluminum  Single-Lap  Joints  (D-1002) 


Sample  ID 

Lap-Shear  Strength 

Tg 

MA3 

r”  3000 

127 

MA4 

3130 

120 

MA5 

3700 

115 

MA6 

5627 

118 

MA23 

2793 

100 

MA24 

1829 

106 

MA43 

1183 

87 

MA73 

99 

Hysol  EA9394 

78a 

Cytec  FM73 

5875 

116b 

Hysol  EA9628 

5670 

122 c 

aMaterial  safety  data  sheet.  Hysol  EA9394,  Dexter  Aerospace  Materials  Division, 
Pittsburg,  CA,  1997. 

bChester,  R.  Personal  communication.  Aeronautical  and  Maritime  Research 
Laboratory,  Melbourne,  Australia,  1998. 

‘Product  data  sheet.  Hysol  EA9628,  Dexter  Aerospace  Materials  Division,  Pittsburg, 
CA,  1997. 


4.5  E-Beam  Repair  Adhesive  Conclusions.  Future  efforts  will  concentrate  on  optimizing 
the  downselected  resin  formulations  to  achieve  the  desired  joint  properties.  Specifically,  the 
base  adhesive  resins  will  be  reformulated  and  more  joints  will  be  produced  to  expand  the 
existing  database  and  reduce  the  inconsistency  of  the  joint  strengths.  These  optimized  resins  will 
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be  further  formulated  to  include  fillers,  adhesion  promoters,  thixotropes,  and  other  materials  used 
in  traditional  adhesives. 

Research  must  also  continue  to  develop  improved  one-part  film  adhesives.  In  the  first  year 
of  the  program,  the  feasibility  of  shelf-life-stable  one-part  resins  was  demonstrated.  This 
approach  must  be  continued  to  provide  stable  adhesives  with  performance  comparable  to  the 
two-part  resins  described  here.  These  efforts  are  underway,  and  some  promising  candidate 
systems  have  been  derived.  Once  these  materials  have  been  produced,  appropriate  product  forms 
will  be  produced  and  distributed  for  evaluation  of  properties. 

Further  mechanical  evaluation  of  optimized  adhesive  joints  will  be  performed.  These  will 
include  testing  at  elevated  and  subambient  temperatures,  fatigue,  and  joint  fracture  toughness. 
These  data  will  provide  added  confidence  in  the  properties  of  these  adhesives  and  allow  for 
comparison  to  traditional  thermally  cured  adhesives.  Furthermore,  work  will  continue  to  monitor 
the  aging  characteristics  of  these  resins  to  assess  their  shelf  life. 

5.  Resin  Aging  Study 

5.1  Introduction  to  Resin  Aging  Study.  Many  adhesive  and  composite  material  systems 
cure  slowly  during  storage  prior  to  use,  as  discussed  in  section  2.3.  For  these  systems, 
processing  and  performance  requirements  can  be  met  only  within  the  designated  storage  period 
or  shelf  life  (Figure  21).  Shelf  life  is  generally  documented  under  a  required  level  of  reduced- 
temperature  storage.  Shelf-life  restrictions  are  determined  for  each  resin  system  by  evaluating 
changes  in  the  characteristics  of  the  resins  or  components  of  two-part  resin  systems  under 
various  storage  conditions.  The  limitations  are  based  on  maintaining  characteristics  that  allow 
suitable  processability  and  quality  of  the  cured  materials.  Resins  or  components  of  resin  systems 
that  have  exceeded  shelf  life  are  partially  cured,  can  no  longer  be  used,  and  are  considered 
hazardous  waste. 
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Figure  21.  Shelf  Life  Expires  When  Material  Processing  Characteristics  No  Longer  Meet 
Specification  Limits. 

Common  materials  used  for  composite  repair  in  DOD  applications  are  one-  and  two-part 
epoxy  adhesives  and  resins,  epoxy  film  adhesives,  and  glass-  or  carbon-fiber/epoxy  prepregs. 
The  one-part  systems  have  all  the  materials  needed  to  achieve  full  cure  and  must  be  stored  under 
controlled-temperature  conditions  to  slow  the  curing  process.  The  two-part  systems  must  be 
mixed  to  cure  at  expected  rates;  however,  the  epoxy  part  (Part  A)  can  cure  by  itself,  although  at  a 
slower  rate.  Shelf-life  limits  for  these  materials  are  typically  6-12  months.  The  new 
formulations  are  designed  for  cure  by  E-beam  or  induction  processing  and  should  have  an 
extended  shelf  life.  In  particular,  the  formulations  for  E-beam  cure  are  expected  to  have  an 
infinite  shelf  life.  An  aging  study  is  being  performed  to  verify  these  expectations. 

5.2  Approach  to  Resin  Aging  Study.  In  the  context  of  this  repair  effort,  aging  studies  to 
identify  the  changes  in  characteristics  of  the  resins  and  components  are  relevant  to  evaluating  the 
shelf-life  capabilities  of  current  materials  and  proposed  replacement  materials.  In  this  study, 
extent  of  cure  is  being  determined  at  room  temperature  for  current  commercial  adhesives,  films, 
and  prepregs  that  are  used  in  repairing  polymeric  composites  in  defense  applications.  Resin 
systems  formulated  at  the  U.S.  Army  Research  Laboratory  (ARL)  and  University  of  Delaware, 
Center  for  Composite  Materials  (UD-CCM)  that  could  potentially  be  used  in  Army  repair 
applications  are  also  being  evaluated.  Evaluation  of  existing  resin  systems  was  initiated  when 
the  relevance  of  the  materials  to  the  study  had  been  determined.  Resin  systems  formulated  as 
part  of  the  repair  program  are  integrated  into  the  aging  study  on  an  ongoing  basis.  Consequently, 
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materials  are  aged  for  different  amounts  of  time  based  on  when  they  were  integrated  into  the 
study. 

The  approach  used  in  this  study  is  to  monitor  the  degradation  of  a  particular  functional  group 
that  is  important  to  the  shelf  life  of  that  particular  sample.  To  monitor  this  degradation  of  a 
functional  group,  FTIR  spectroscopy  is  applied.  In  FTIR,  each  excitation  mode  (vibration, 
stretching,  overtone,  etc.)  of  a  chemical  bond  in  the  sample  absorbs  energy  at  a  characteristic 
wavelength.  The  change  in  intensity  of  absorbance  is  related  to  the  change  in  concentration  of  a 
chemical  functional  group.  At  first,  the  mid-infrared  (MIR)  range,  4000  cm  1  to  400  cm  \  was 
used  to  monitor  the  samples.  Due  to  the  spectral  overlap  that  occurs  in  this  region  for  the  amine 
peak,  the  near-infrared  (NIR)  spectrum,  from  7000  cm’1  to  4000  cm  \  was  used  to  monitor  the 
amine  peak.  Eventually,  NIR  was  also  used  to  monitor  epoxy  and  acrylate  peaks. 

The  materials  currently  in  the  aging  study  are  listed  in  Table  18  with  reactive  functional 
groups  and  approximate  excitation  wave  numbers  monitored.  The  functional  groups  of 
particular  interest  for  the  resins  in  this  study  are  primarily  amines,  epoxies,  and  acrylates. 


Table  18.  Aging  Study  Materials 


Sample 

Source 

Wave 

Number 

9390  part  A  of  two-part  epoxy 
system 

Hysol 

Epoxy 

916 

9390  part  B  of  two-part  epoxy 
system 

Hysol 

Primary 

Amine 

6510 

AF163-20ST  epoxy  adhesive 
film 

CytecFiberite 

Epoxy 

916,  4530 

9628.045  PSFK  epoxy  adhesive 
film 

Hysol 

Epoxy 

916,  4530 

Northrop 

EBHHI 

916,  4530 

JDW71  one-part 
epoxy/methacrylate 

Army  Research 

Laboratory 

Methacrylate 

945,  6150 

JDW72  one-part 
epoxy/methacrylate 

Army  Research 

Laboratory 

Methacrylate 

945,  6150 

SBIR-ARL1  one-part  epoxy 

Merlin  Technologies,  Inc. 

Epoxy 

916 
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The  sample  preparation  could  differ  slightly,  depending  on  the  initial  state  of  each  material 
(prepreg,  adhesive  film,  liquid  resin,  solid  resin)  and  the  range  of  wave  numbers  used.  As  shown 
in  Figure  22,  all  the  samples  are  compressed  between  two  25-mm-diameter  NaCl  transparent 
crystal  windows.  For  liquid  resin  systems,  except  for  SBIR-ARL1,  no  additional  preparation 
was  needed  before  placing  the  sample  on  the  crystal.  In  the  MIR  range,  the  adhesive  film 
samples  and  the  prepreg  sample  were  diluted  in  acetone.  The  resin/acetone  solution  was  then 
added  to  the  crystal,  and  the  acetone  was  allowed  to  evaporate  off  the  crystal,  leaving  only  the 
resin.  The  SBIR-ARL1  resin  system  was  also  diluted  in  acetone  before  being  placed  onto  the 
crystal  because  the  sample  is  not  a  liquid  but  a  solid.  A  spacer  was  used  between  the  crystals  to 
regulate  the  thickness  of  each  sample  and  to  reduce  evaporation  losses.  For  the  MIR  range,  a 
Teflon  spacer  was  used  for  all  materials.  For  the  NIR  range,  a  lead  spacer  was  used  for  resin 
systems  and  no  spacer  was  needed  for  adhesive  films.  After  the  sample  was  compressed 
between  the  NaCl  crystals,  it  was  placed  in  a  cell  holder  for  the  duration  of  the  study.  At 
appropriate  intervals,  spectra  were  obtained  to  evaluate  extent  of  cure.  Between  measurements, 
the  samples  were  stored  in  a  desiccator  at  room  temperature. 


IR  BEAM  Na  C)  PLATES 


Figure  22.  Exploded  View  of  Sample  Between  NaCl  Windows  in  the  Sample  Holder. 
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5.3  Results  of  Resin  Aging  Study.  The  effects  of  aging  are  evaluated  using  the  fraction 
converted  or  extent  of  cure  based  on  heights  of  significant  peaks  in  the  absorbance  spectra. 
Figure  23  serves  as  an  example  for  the  AF163-20ST  adhesive  file.  The  peak  at  a  wave  number 
of  916  cm’1  is  monitored  as  a  function  of  time  with  a  notable  reduction  in  height. 


Figure  23.  MIR  Absorbance  Spectra  for  AF163-20ST  Adhesive  Film.  Note  the  Reduction 
in  the  916  Peak  Over  a  5-Month  Period. 


To  quantify  the  results,  peak  height  relationships  vs.  time  are  studied  using  the  following 
formulas: 

a(t)  =  1  -  A(t)/A(0)  (NIR:  7000  cm'1  to  4000  cm’1), 

and 

a(t)  =  1  -  A(t)/A(0)  •  Aref  (0)/Aref(t)  (MIR:  4000  cm"1  to  400  cm"1). 
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where 


a  =  fraction  that  reflects  extent  of  cure, 

A  =  absorbance  peak  height  of  the  reactive  functional  group, 
t  =  time,  and 

Aref  =  absorbance  peak  height  of  a  reference  peak:. 

In  the  IR  range,  evaporation  and  dimensional  changes  could  have  a  profound  effect  on  the 
results;  therefore,  a  reference  peak  is  used.  The  reference  peak  selected  should  be  a  peak  of  a 
particular  functional  group  within  the  sample  that  does  not  have  any  reactivity.  In  the  NIR 
region,  no  reference  peak  is  needed,  since  evaporation  effects  are  reduced  and  dimensional 
changes  are  small.  Changes  with  time  are  addressed  by  using  the  baseline  method.  For  NIR, 
transmittance  is  assumed  to  be  constant  or  to  vary  linearly  between  the  shoulders  of  a  peak. 
Changes  in  the  transmittance  are  treated  as  being  uniformly  affected  by  time. 

Results  to  date  for  the  aging  study  are  shown  in  Table  19  for  the  MIR  range  and  Table  20  for 
the  NIR  range.  Sources  of  variability  for  these  data  include  ambient  effects  on  the  specimen 
during  sample  preparation,  any  changes  in  the  desiccant  over  time,  and  changes  in  the  crystal 
windows  over  time.  For  example,  the  NaCl  windows  can  become  fogged  with  absorbed 
moisture  [10].  For  short-term  projects  (one  day),  such  effects  are  negligible;  however,  for 
long-term  studies,  these  effects  may  be  significant.  Variability  of  ±5-10%  is  not  uncommon  in 
FTIR  spectroscopy.  Dimensional  changes  affect  the  results,  and  these  changes  tend  to  be  more 
significant  for  MIR,  where  typical  cell  thicknesses  are  0.01  to  1  mm,  than  for  NIR,  where  cell 
thicknesses  range  from  0.1  to  10  mm  [10].  The  response  of  the  material  to  each  type  of  analysis 
varied;  so,  each  material  is  discussed  separately  with  observations  regarding  variability. 
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Table  19.  Extent  of  Cure  for  MIR  Range  Observations 


Products 

Time 

(weeks) 

1-2 

4-6 

8-10 

12-14 

16-18 

20-22 

Hysol  9390  part  A  of 
two-part  epoxy  system 

0.0 

1.3 

10.0 

15.8 

13.5 

21.9 

AF163-20ST  epoxy 
adhesive  film 

21.1 

25.6 

36.2 

53.2 

56.2 

73.3 

Hysol  9628.045  PSFK 
epoxy  adhesive  film 

5.4 

0.0 

0.0 

7.5 

0.0 

11.1 

15.6 

57.0 

70.8 

78.0 

77.1 

— 

JDW71  one-part 
epoxy/ methacrylate 

0.0 

0.0 

0.0 

— 

— 

— 

JDW72  one-part 
epoxy/methacrylate 

0.0 

0.0 

0.0 

— 

— 

— 

SBIR-ARL1  epoxy 

2.9 

3.1 

— 

-  * 

— 

— 

Table  20.  Extent  of  Cure  for  NIR  Range  Observations 


Products 

Time 

(weeks) 

1-2 

4-6 

8-10 

12-14 

16-18 

120-22 

Hysol  9390  part  A  of 
two-part  epoxy  system 

1.5 

0.90 

5.3 

1.8 

— 

— 

Hysol  9390  part  B  of 
two-part  epoxy  system 

1.1 

2.7 

3.2 

D 

6.9 

5.9 

AF163-20ST  epoxy 
adhesive  film 

13.2 

25.9 

37.9 

— 

— 

— 

Hysol  9628.045  PSFK 
epoxy  adhesive  film 

mm 

8.5 

4.4 

0.0 

2.0 

— 

R6376  epoxy  prepreg 

16.6 

44.5 

36.6 

46.4 

— 

JDW71  one-part 
epoxy/methacrylate 

3.0 

6.1 

— 

— 

— 

— 

5.3.1  Hysol  9390.  Hysol  9390  is  a  commercial  two-part  epoxy  system.  The  two  parts, 
Part  A  containing  epoxy  and  Part  B  containing  amine,  are  both  liquids  that  are  mixed  prior  to 
use.  Part  A  can  begin  to  cure  without  the  addition  of  Part  B,  causing  the  primary  limitation  on 
shelf  life  for  this  system.  Part  B  is  expected  to  have  less  effect  on  aging.  Part  A  was  evaluated 
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using  both  MIR  and  NIR.  In  both  cases,  significant  changes  in  the  spectra  are  observed, 
although  at  different  times.  The  NIR  results  lag  behind  the  MIR  results,  and  differences  in  the 
sources  of  variability  may  have  an  effect  on  the  cure  timeline.  Hysol  9390  Part  B  was  evaluated 
using  the  reaction  of  an  amine  functional  group.  Due  to  the  spectral  overlap  that  occurs  in  the 
MIR  region  for  the  amine  peak,  only  the  NIR  spectrum  was  used.  Only  small  changes  are  noted 
in  the  NIR  results  for  Part  B.  More  rapid  changes  would  be  expected  following  mixing  of  the 
two  parts  for  Hysol  9390. 

5.3.2  AF163-20ST.  AF163-20ST  is  a  commercial  adhesive  film.  For  MIR,  the  film  was 
dissolved  in  acetone  and  the  solution  put  on  the  NaCl  window  and  allowed  to  dry.  For  NIR,  a 
piece  of  the  film  was  placed  directly  on  the  NaCl  window.  Results  from  both  MIR  and  NIR 
show  significant  effects  of  aging  on  the  extent  of  cure. 

5.3.3  Hysol  9628.045  PSFK.  Hysol  9628.045  PSFK  is  a  commercial  adhesive  film. 
Hysol  9628.045  PSFK  has  not  aged  significantly,  and  the  results  fluctuate.  The  aging  of  this 
sample  is  somewhat  surprising.  The  sample  contains  both  epoxy  and  amine;  therefore,  aging 
should  occur  at  a  more  rapid  rate.  One  explanation  for  the  fluctuation  in  the  results  for  this 
sample  and  others  is  that  the  baselines  for  the  peaks  under  study  change  over  time,  causing  errors 
in  quantifying  the  results.  In  the  MIR  spectra  for  Hysol  9628.045,  there  is  a  clear  indication  that 
the  baselines  have  changed.  Effects  of  the  acetone  solvent  drying  may  be  important.  Future 
work  includes  the  same  specimen  preparation  for  MIR  with  a  thorough  drying  procedure  in  a 
vacuum  oven. 

5.3.4  R6376  Prepreg.  R6376  prepreg  is  a  reformulation  of  an  epoxy  prepreg.  Significant 
effects  of  aging  on  extent  of  cure  are  observed  in  both  MIR  and  NIR.  Greater  variability  in  the 
NIR  results  may  be  due  to  a  thinner  specimen  than  is  desirable.  For  both  wave  number  ranges, 
the  specimen  is  prepared  by  dissolving  the  resin  from  the  prepreg  and  then  drying  the  solution  on 
the  crystal  window.  This  produces  a  specimen  of  appropriate  thickness  for  MIR  but  a  rather  thin 
specimen  for  NIR. 
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5.3.5  CA01.  CA01  is  a  one-part  epoxy/methacrylate  system  formulated  at  ARL.  No 
changes  were  observed  in  the  MIR  range.  Variability  was  high  in  the  NIR  range  (most  likely  an 
effect  of  significant  effects  in  the  baseline).  There  is  a  concern  regarding  the  peak  selected  for 
measurement.  Based  on  Horalek  et  al.  [1 1],  a  double-bond  acrylate  peak  is  being  evaluated,  but 
more  study  is  needed  to  confirm  this  selection. 

5.3.6  CA02.  CA02  is  also  a  one-part  epoxy/methacrylate  system  formulated  at  ARL.  No 
changes  were  observed  in  the  MIR  range.  NIR  evaluation  of  this  material  was  begun  at  the  same 
time  as  the  CAOl  material,  and  the  effects  of  baseline  variability  were  so  pronounced  that  no 
measurements  were  recorded. 

5.3.7  SBIR-ARL1.  SBIR-ARL1  is  a  one-part  epoxy  formulated  by  Merlin  Technologies, 
Inc.,  as  part  of  an  SBIR  program  with  ARL.  Initial  results  may  indicate  changes  in  extent  of  cure 
based  on  MIR  observations.  No  NIR  measurements  are  available  for  this  material. 

5.4  Resin  Aging  Study  Conclusions.  Preliminary  results  indicate  that  new  formulations 
show  promise  to  provide  extended  shelf  life.  In  several  cases,  these  are  very  preliminary 
conclusions,  as  the  new  formulations  have  been  part  of  the  aging  study  for  relatively  short 
periods  of  time.  The  aging  study  will  continue  into  the  next  year  of  the  program  and  will  include 
downselected  materials  that  have  been  formulated.  As  part  of  the  aging  study,  work  will 
continue  on  evaluating  the  effect  of  solvents,  such  as  acetone,  in  the  specimen  preparation  for 
MIR  and  on  the  effect  of  baseline  drift. 
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1  ADVANCED  GLASS  FIBER  YARNS 

T  COLLINS 

281  SPRING  RUN  LN  STE  A 
DOWNINGTON  PA  19335 

1  COMPOSITE  MATERIALS  INC 

D  SHORTT 
19105  63  AVE  NE 
PO  BOX  25 

ARLINGTON  WA  98223 

1  COMPOSITE  MATERIALS  INC 

R  HOLLAND 
11  JEWEL  COURT 
ORINDACA  94563 

1  COMPOSITE  MATERIALS  INC 
C  RILEY 

14530  S  ANSON  AVE 
SANTA  FE  SPRINGS  CA  90670 

2  COMPOSIX 
D  BLAKE 
L  DIXON 

120  0  NEILL  DR 
HEBRUN  OHIO  43025 

4  CYTEC  FIBERITE 

R DUNNE 
DKOHLI 
M  GILLIO 
RMAYHEW 
1300  REVOLUTION  ST 
HAVRE  DE  GRACE  MD  21078 

2  SIMULA 

J  COLTMAN 
RHUYETT 
10016  S51ST  ST 
PHOENIX  AZ  85044 

1  SIOUX  MFG 

BKRIEL 
PO  BOX  400 
FT  TOTTEN  ND  58335 
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2  PROTECTION  MATERIALS  INC 
M  MILLER 

F  CRILLEY 
14000  NW  58  CT 
MIAMI  LAKES  FL  33014 

3  FOSTER  MILLER 
J  J  GASSNER 

M  ROYLANCE 
WZUKAS 
195  BEAR  HILL  RD 
WALTHAM  MA  02354-1196 

1  ROM  DEVELOPMENT  CORP 
ROMEARA 

136  SWINEBURNE  ROW 
BRICK  MARKET  PLACE 
NEWPORT  RI 02840 

2  TEXTRON  SYSTEMS 
T FOLTZ 

M TREASURE 
201  LOWELL  ST 
WILMINGTON  MA  08870-2941 

1  JPS  GLASS 

L CARTER 
PO  BOX  260 
SLATER  RD 
SLATER  SC  29683 

1  O  GARA  HESS  &  EISENHARDT 
M  GILLESPIE 

91 13  LESAINT  DR 
FAIRFIELD  OH  45014 

2  MELLDCEN  RESEARCH  CORP 
H  KUHN 

M  MACLEOD 
PO  BOX  1926 
SPARTANBURG  SC  29303 

1  CONNEAUGHT  INDUSTRIES  INC 

J SANTOS 
PO  BOX  1425 
COVENTRY  RI  02816 


1  BATTELLE 

CR  HARGREAVES 
505  KING  AVE 
COLUMBUS  OH  43201-2681 

2  BATTELLE  NATICK  OPERATIONS 
J  CONNORS 

BHALPIN 

209  W  CENTRAL  ST 

STE  302 

NATICK  MA  01760 

1  BATTELLE  NW  DOE  PNNL 

T  HALL  MS  K231 
BATTELLE  BLVD 
RICHLAND  WA  99352 

3  PACIFIC  NORTHWEST  LAB 
M  SMITH 

G  VAN  ARSDALE 
R  SHIPPELL 
PO  BOX  999 
RICHLAND  WA  99352 

1  ARMTEC  DEFENSE  PRODUCTS 
S  DYER 

85  901  AVE  53 
PO  BOX  848 
COACHELLA  CA  92236 

2  ADVANCED  COMPOSITE 
MATLS  CORP 
PHOOD 

J  RHODES 

1525  S  BUNCOMBE  RD 
GREER  SC  29651-9208 

2  GLCC  INC 
J  RAY 

M  BRADLEY 

103  TRADE  ZONE  DR 

STE  26C 

WEST  COLUMBIA  SC  29170 

2  AMOCO  PERFORMANCE 
PRODUCTS 
M  MICHNO  JR 
J  BANISAUKAS 
4500  MCGINNIS  FERRY  RD 
ALPHARETTA  GA  30202-3944 
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1  SAIC 

M  PALMER 

2109  AIR  PARK  RDSE 

ALBUQUERQUE  NM  87106 

1  SAIC 

G  CHRYSSOMALLIS 
3800  W  80TH  ST  STE  1090 
BLOOMINGTON  MN  55431 

1  AAI  CORPORATION 

T  G  STASTNY 
PO  BOX  126 

HUNT  VALLEY  MD  21030-0126 

1  JOHN  HEBERT 

PO  BOX  1072 

HUNT  VALLEY  MD  21030-0126 

12  ALLIANT  TECHS Y STEMS  INC 

C  CANDLAND 
CAAKHUS 
R  BECKER 
B  SEE 

N  VLAHAKUS 
RDOHRN 
SHAGLUND 
D  FISHER 
W  WORRELL 
R  COPENHAFER 
M  HISSONG 
DKAMDAR 
600  2ND  ST  NE 
HOPKINS  MN  55343-8367 

3  ALLIANT  TECHS  YSTEMS  INC 

J  CONDON 
ELYNAM 
J GERHARD 
WV01  16  STATE  RT  956 
PO  BOX  210 

ROCKET  CENTER  WV  26726-0210 

1  APPLIED  COMPOSITES 

WGRISCH 

333  NORTH  SIXTH  ST 
ST  CHARLES  IL  60174 


1  PROJECTILE  TECHNOLOGY  INC 

515  GILES  ST 

HAVRE  DE  GRACE  MD  21078 

1  CUSTOM  ANALYTICAL 
ENG  SYS  INC 

A  ALEXANDER 
13000  TENSOR  LNNE 
FLINTSTONE  MD  21530 

2  LORAL  VOUGHT  SYSTEMS 
G  JACKSON 

K  COOK 

1701  W  MARSHALL  DR 
GRAND  PRAIRIE  TX  7505 1 

5  AEROJET  GEN  CORP 

DPILLASCH 
T  COULTER 
C  FLYNN 
D  RUBAREZUL 
M  GREINER 

1 100  WEST  HOLLYVALE  ST 
AZUSA  CA  91702-0296 

3  HEXCEL  INC 
RBOE 

F  POLICELLI 
J  POESCH 
PO  BOX  98 
MAGNA  UT  84044 

3  HERCULES  INC 

G  KUEBELER 
J  VERMEYCHUK 
B  MANDERVILLE  JR 
HERCULES  PLAZA 
WILMINGTON  DE  19894 

1  BRIGS  COMPANY 

J  BACKOFEN 
2668  PETERBOROUGH  ST 
HERNDON  VA  22071-2443 

1  ZERNOW  TECHNICAL  SERVICES 
LZERNOW 

425  W  BONITA  AVE  STE  208 
SAN  DIMAS  CA  91773 
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2  OLIN  CORPORATION 
FLINCHBAUGH  DIV 
E  STEINER 
B  STEWART 
PO  BOX  127 
RED  LION  PA  17356 

1  OLIN  CORPORATION 

L  WHITMORE 
10101  9TH  ST  NORTH 
ST  PETERSBURG  FL  33702 

1  DOW  UT 

S  TIDRICK 
15  STERLING  DR 
WALLINGFORD  CT  06492 

5  SIKORSKY  AIRCRAFT 

G  JACARUSO 
T  CARSTENSAN 
B  KAY 

S  GARBO  M  S  S330A 
J  ADELMANN 
6900  MAIN  ST 
PO  BOX  9729 

STRATFORD  CT  06497-9729 

1  PRATT  &  WHITNEY 

DHAMBRICK 
400  MAIN  ST  MS  11437 
EAST  HARTFORD  CT  06108 

1  AEROSPACE  CORP 
G  HAWKINS  M4  945 

2350  E  EL  SEGUNDO  BLVD 
EL  SEGUNDO  CA  90245 

2  CYTEC  FIBERITE 
M  LEN 

W  WEB 

1440  N  KRAEMER  BLVD 
ANAHEIM  CA  92806 

1  HEXCEL 

TBITZER 

11711  DUBLIN  BLVD 
DUBLIN  CA  94568 


1  BOEING 

R  BOHLMANN 
PO  BOX  516  MC  5021322 
ST  LOUIS  MO  63166-0516 

2  BOEING  DEFENSE 
&  SPACE  GRP 

W  HAMMOND 
J  RUSSELL 
S  4X55 

PO  BOX  3707 
SEATTLE  WA  98124-2207 

2  BOEING  ROTORCRAFT 

P  MINGURT 
P  HANDEL 
800  B  PUTNAM  BLVD 
WALLINGFORD  PA  19086 

1  BOEING 

DOUGLAS  PRODUCTS  DIV 
L  J  HART  SMITH 
3855  LAKEWOOD  BLVD 
D8000019 

LONG  BEACH  CA  90846-0001 

1  LOCKHEED  MARTIN 
S REEVE 
8650  COBB  DR 
D  73  62  MZ  0648 
MARIETTA  GA  30063-0648 

1  LOCKHEED  MARTIN 

SKUNK  WORKS 
D  FORTNEY 
1011  LOCKHEED  WAY 
PALMDALE  CA  93599-2502 

1  LOCKHEED  MARTIN 

R  FIELDS 
1195  ERWIN  CT 
WINTER  SPRINGS  FL  32708 

1  MATERIALS  SCIENCES  CORP 

BW  ROSEN 

500  OFFICE  CENTER  DR  STE  250 
FORT  WASHINGTON  PA  19034 
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1  NORTHROP  GRUMMAN  CORP 
ELECTRONIC  SENSORS  & 
SYSTEMS  DIV 

E  SCHOCH 
MAILSTOP  V  16 
1745A  WEST  NURSERY  RD 
LINTHICUM  MD  21090 

2  NORTHROP  GRUMMAN 
ENVIRONMENTAL  PROGRAMS 
ROSTERMAN 

A  YEN 

8900  E  WASHINGTON  BLVD 
PICO  RIVERA  CA  90660 

1  UNITED  DEFENSE  LP 

D  MARTIN 
PO  BOX  359 

SANTA  CLARA  CA  95052 

1  UNITED  DEFENSE  LP 
G  THOMAS 

PO  BOX  58123 
SANTA  CLARA  CA  95052 

2  UNITED  DEFENSE  LP 
R BARRETT 

V  HORVATTCH 
MAIL  DROP  M53 
328  W  BROKAW  RD 
SANTA  CLARA  CA  95052-0359 

3  UNITED  DEFENSE  LP 
GROUND  SYSTEMS  DIVISION 
M  PEDRAZZI  MAIL  DROP  N09 
A  LEE  MAIL  DROP  Nil 

M  MACLEAN  MAIL  DROP  N06 
1205  COLEMAN  AVE 
SANTA  CLARA  CA  95052 

4  UNITED  DEFENSE  LP 
4800  EAST  RIVER  RD 
R  BRYNSVOLD 

P  JANKE  MS170 
T  GIOVANETTI MS236 
B  VAN  WYK  MS389 
MINNEAPOLIS  MN  55421-1498 


2  GENERAL  DYNAMICS 

LAND  SYSTEMS 
DREES 
MPASIK 
PO  BOX  2074 
WARREN  MI  48090-2074 

1  GENERAL  DYNAMICS 
LAND  SYSTEMS 
DBARTLE 
PO  BOX  1901 
WARREN  MI  48090 

1  GENERAL  DYNAMICS 

LAND  SYSTEMS 
MUSKEGON  OPERATIONS 
W  SOMMERS  JR 
76  GETTY  ST 
MUSKEGON  MI  49442 

1  GENERAL  DYNAMICS 
AMPHIBIOUS  SYS 
SURVIVABILITY  LEAD 
G  WALKER 

991  ANNAPOLIS  WAY 
WOODBRIDGE  VA  22191 

5  INST  FOR  ADVANCED  TECH 
TKIEHNE 
HFAIR 
P  SULLIVAN 
WREINECKE 
IMCNAB 

4030  2  W  BRAKER  LN 
AUSTIN  TX  78759 

2  CIVIL  ENGRRSCH  FOUNDATION 
H  BERNSTEIN  PRESIDENT 

R BELLE 

1015  15TH  ST  NW  STE  600 
WASHINGTON  DC  20005 

1  ARROW  TECH  ASSO 

1233  SHELBURNE  RD  STE  D  8 
SOUTH  BURLINGTON  VT 
05403-7700 
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CONSULTANT 
R  EICHELBERGER 
409  W  CATHERINE  ST 
BEL  AIR  MD  21014-3613 

UCLA  MANE  DEPT  ENGR IV 

H  THOMAS  HAHN 

LOS  ANGELES  CA  90024-1597 

UNIV  OF  DAYTON  RESEARCH  INST 
RAN  Y  KIM 
AJIT  K  ROY 

300  COLLEGE  PARK  AVE 
DAYTON  OH  45469-0168 

MIT 

P  LAGACE 
77  MASS  AVE 
CAMBRIDGE  MA  01887 

IIT  RESEARCH  CTR 
DROSE 
201  MILL  ST 
ROME  NY  13440-6916 

GEORGIA  TECH  RESEARCH  INST 
GEORGIA  INST  OF  TECHNOLOGY 
PFRIEDERICH 
ATLANTA  GA  30392 

MICHIGAN  ST  UNIV 

R  AVERILL 

3515  EBMSM  DEPT 

EAST  LANSING  MI  48824-1226 

UNIV  OF  KENTUCKY 
LPENN 

763  ANDERSON  HALL 
LEXINGTON  KY  40506-0046 

UNIV  OF  WYOMING 
D  ADAMS 
PO  BOX  3295 
LARAMIE  WY  82071 


1  UNIV  OF  UTAH 

DEPT  OF  MECH  &  INDUSTRIAL 
ENGR 

S  SWANSON 

SALT  LAKE  CITY  UT  841 12 

2  PENNSYLVANIA  STATE  UNIV 
RMCNITT 

CBAKIS 

227  HAMMOND  BLDG 
UNIVERSITY  PARK  PA  16802 

1  PENNSYLVANIA  STATE  UNIV 
RENATA  S  ENGEL 
245  HAMMOND  BLDG 
UNIVERSITY  PARK  PA  16801 

1  PURDUE  UNIV 

SCHOOL  OF  AERO  &  ASTRO 
CT  SUN 

W  LAFAYETTE  IN  47907-1282 

1  STANFORD  UNIV 

DEPARTMENT  OF  AERONAUTICS 
AND  AEROBALLISTICS 
DURANT  BUILDING 
S  TSAI 

STANFORD  CA  94305 

1  UNIV  OF  DAYTON 
JM  WHITNEY 
COLLEGE  PARK  AVE 
DAYTON  OH  45469-0240 

7  UNIV  OF  DELAWARE 

CTR  FOR  COMPOSITE  MATRLS 
J  GILLESPIE 
MS  ANT  ARE 
G  PALMESE 
S  YARLAGADDA 
S  ADVANI 
D  HEIDER 
DKUKICH 

201  SPENCER  LABORATORY 
NEWARK  DE  19716 
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UNIV  OF  ILLINOIS 
AT  URBANA  CHAMPAIGN 
NATL  CTR  FOR  COMPOSITE 
MATERIALS  RESEARCH 
216  TALBOT  LABORATORY 
J  ECONOMY 
104  S  WRIGHT  ST 
URBANA  IL  61801 

THE  UNIV  OF  TEXAS 
AT  AUSTIN 

CTR  FOR  ELECTROMECHANICS 

J  PRICE 

A  WALLS 

JKITZMILLER 

10100  BURNET  RD 

AUSTIN  TX  78758-4497 

VA  POLYTECHNICAL  INST 
STATE  UNIV 
DEPTOFESM 
MWHYER 
K  REIFSNIDER 
R  JONES 

BLACKSBURG  VA  24061-0219 

NORTH  CAROLINA  STATE 
UNIV 

CIVIL  ENGINEERING  DEPT 
WRASDORF 
PO  BOX  7908 
RALEIGH  NC  27696-7908 

UNIV  OF  MARYLAND 

DEPT  OF  AEROSPACE  ENGINEERING 

ANTHONY  J  VTZZINI 

COLLEGE  PARK  MD  20742 

DREXEL  UNIV 
ALBERT  SD  WANG 
3  2ND  AND  CHESTNUT  STREETS 
PHILADELPHIA  PA  19104 

SOUTHWEST  RSCH  INST 
ENGR  &  MATL  SCIENCES  DIV 
JRIEGEL 

6220  CULEBRA  RD 
PO  DRAWER  28510 
SAN  ANTONIO  TX  78228-0510 
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ABERDEEN  PROVING  GROUND 

1  COMMANDER 

US  ARMY  MATERIEL  SYS 
ANALYSIS 
P  DIETZ 

392  HOPKINS  RD 

AMXSYTD 

APG  MD  21005-5071 

1  DIRECTOR 

US  ARMY  RESEARCH  LAB 

AMSRLOPAPL 

APG  MD  21005  5066 

115  DIRUSARL 
AMSRLCI 
AMSRLCIH 
WSTUREK 
AMSRL  Cl  S 
A  MARK 
AMSRL  CS  IOn 
M  ADAMSON 
AMSRL  SL  B 
J  SMITH 
AMSRL  SL  BA 
AMSRL  SLBL 
D  BELY 
R HENRY 
AMSRL  SLBG 
A YOUNG 
AMSRL  SL  I 
AMSRL  WMB 
A HORST 
E  SCHMIDT 
AMSRL  WM  BA 
W  DAMICO 
F BRANDON 
AMSRL  WM  BC 
P  PLOSTINS 
D  LYON 
JNEWILL 
S  WDLKERSON 
A  ZIELINSKI 
AMSRL  WM  BD 
B  FORCH 
REEFER 

R  PESCE  RODRIGUEZ 
BRICE 
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AMSRL  WM  BE 
G  WREN 
C  LEVERITT 
D  KOOKER 
AMSRL  WMBR 
C  SHOEMAKER 
J  BORNSTEIN 
AMSRL  WMM 
D  VIECHNICKI 
GHAGNAUER 
J  MCCAULEY 
B TANNER 
AMSRL  WMMA 
R  SHUFORD 
P  TOUCHET 
N  BECK  TAN 
D  FLANAGAN 
L  GHIORSE 
D  HARRIS 
S  MCKNIGHT 
PMOY 
SNGYUEN 
P  PATTERSON 
G  RODRIGUEZ 
ATEETS 
R  YIN 

AMSRL  WM  MB 
B  FINK 
J  BENDER 
T  BLANAS 
T  BOGETTI 
R  BOSSOLI 
L  BURTON 
K  BOYD 
S  CORNELISON 
PDEHMER 
R  DOOLEY 
W  DRYSDALE 
G  GAZONAS 
S  GHIORSE 
D  GRANVILLE 
D  HOPKINS 
C  HOPPEL 
D  HENRY 
RKASTE 
M  KLUSEWTTZ 
M  LEADORE 
RLIEB 


NO.  OF 

COPIES  ORGANIZATION 

ABERDEEN  PROVING  GROUND  (CONTI 

AMSRL  WM  MB 
E  RIGAS 
J  SANDS 
D  SPAGNUOLO 
W  SPURGEON 
JTZENG 
E  WETZEL 
A  ABRAHAMIAN 
M  BERMAN 
A  FRYDMAN 
TLI 

W  MCINTOSH 
E  SZYMANSKI 
AMRSLWMMC 
J  BEATTY 
J  SWAB 
ECHIN 

J  MONTGOMERY 
A  WERESCZCAK 
J  LASALVIA 
J  WELLS 
AMSRL  WMMD 
WROY 
S  WALSH 
AMSRL  WMT 
B  BURNS 
AMSRL  WM  TA 
W  GILLICH 
T  HAVEL 
J  RUNYEON 
M  BURKINS 
E  HORWATH 
B  GOOCH 
WBRUCHEY 
AMSRL  WMTC 
R  COATES 
AMSRL  WM  TD 
A  DAS  GUPTA 
THADUCH 
TMOYNIHAN 
F  GREGORY 
ARAJENDRAN 
M  RAFTENBERG 
M  BOTELER 
T  WEERASOORIYA 
D  DANDEKAR 
A  DIETRICH 
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AMSRLWMTE 
ANULER 
J  POWELL 
AMSRL  SS  SD 
H  WALLACE 
AMSRL  SS  SER 
R  CHASE 
AMSRL  SS  SE  DS 
RREYZER 
R  ATKINSON 
AMSRL  SEL 
R  WEINRAUB 
J  DESMOND 
D  WOODBURY 
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1  R  MARTIN 
MERL 
LTD 

TAMWORTH  RD 
HERTFORD  SG13  7DG 
UNITED  KINGDOM 

1  PW  LAY 

SMC  SCOTLAND 
DERAROSYTH 
ROSYTH  ROYAL  DOCKYARD 
DUNFERMLINE  FIFE  K  Y  1 1  2XR 
UNITED  KINGDOM 

1  T  GOTTESMAN 

CIVIL  AVIATION  ADMINISTRATION 
PO  BOX  8 

BEN  GURION INTERNL  AIRPORT 
LOD  70150  ISRAEL 

1  S ANDRE 

AEROSPATIALE 
A  BTE  CC  RTE  MD132 
316  ROUTE  DE  BAYONNE 
TOULOUSE  31060 
FRANCE 

1  J  BAUER 

DAIMLER  BENZ  AEROSPACE 
D  81663  MUNCHEN 
MUNICH 
GERMANY 

3  DRA  FORT  HALSTEAD 

PETER  N  JONES 
DAVID  SCOTT 
MIKE  HINTON 

SEVEN  OAKS  KENT  TN  147BP 
UNITED  KINGDOM 

1  FRANCOIS  LESAGE 

DEFENSE  RESEARCH  ESTAB 
VALC  ARTIER 
PO  BOX  8800 

COURCELETTE  QUEBEC  COA 
IRO  CANADA 


2  ROYAL  MILITARY  COLLEGE  OF 
SCIENCE  SHRIVENHAM 
DBULMAN 
B  LAWTON 

SWINDON  WILTS  SN6  8LA 
UNITED  KINGDOM 

1  SWISS  FEDERAL  ARMAMENTS 
WKS 

WALTER  LANZ 
ALLMENDSTRASSE  86 
3602  THUN 
SWITZERLAND 

1  PROFESSOR  SOL  BODNER 
ISRAEL  INST  OF 
TECHNOLOGY 

FACULTY  OF  MECHANICAL  ENGR 
HAIFA  3200  ISRAEL 

1  DSTO  MATERIALS  RSRCH  LAB 

DR  NORBERT  BURMAN  NAVAL 
PLATFORM  VULNERABILITY  SHIP 
STRUCTURES  &  MATERIALS  DIV 
PO  BOX  50 

ASCOT  VALE  VICTORIA 
AUSTRALIA  3032 

1  PROFESSOR  EDWARD  CELENS 
ECOLE  ROYAL  MILITAIRE 
AVE  DE  LA  RENAISSANCE  30 
1040  BRUXELLE 
BELGIQUE 

1  DEF  RES  ESTABLISHMENT 
VALC  ARTIER 
ALAIN  DUPUIS 

2459  BOULEVARD  PIE  XI  NORTH 
VALCARTIER  QUEBEC 
CANADA 

PO  BOX  8800  COURCELETTE 
GOA  IRO  QUEBEC  CANADA 
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INSTITUT  FRANCO  ALLEMAND  DE 

RECHERCHES  DE  SANIT  LOUIS 

DE  MARC  GIRAUD 

RUE  DU  GENERAL  CASSAGNOU 

BOITE  POSTALE  34 

F  68301  SAINT  LOUIS  CEDEX 

FRANCE 

JMANSON 
ECOLE  POLYTECH 
DMXLTC 

CH  1015  LAUSANNE  SWITZERLAND 

TNO  PRINS  MAURITS  LAB 
ROB  USSELSTEIN 
LANGE  KLEIWEG  137 
PO  BOX  45 
2280  AA  RUSWUK 
THE  NETHERLANDS 

FOA  NATL  DEFENSE 
RESEARCH  ESTAB 
BO  JANZON 
R  HOLMLIN 

DIR  DEPT  OF  WEAPONS  & 
PROTECTION 
S  172  90  STOCKHOLM 
SWEDEN 

DEFENSE  TECH  &  PROC  AGENCY 
GRND 

ICREWTHER 
GENERAL  HERZOG  HAUS 
3602  THUN 
SWITZERLAND 


1  ERNST  MACH  INSTITUT  EMI 
DIRECTOR 
HAUPTSTRASSE  18 
79576  WEIL  AM  RHEIN 
GERMANY 

1  ERNST  MACH  INSTITUT  EMI 
ALOIS  STEP 
ECKERSTRASSE  4 
7800  FREIBURG 
GERMANY 

1  IR  HANS  PASMAN 

TNO  DEFENSE  RESEARCH 
POSTBUS  6006 
2600  JA  DELFT 
THE  NETHERLANDS 

1  BITAN  HIRSCH 

TACHKEMONY  ST  6 
NETAMUA  42611 
ISRAEL 

1  MANFRED  HELD 

DEUTSCHE  AEROSPACE  AG 
DYNAMICS  SYSTEMS 
PO  BOX  1340 

D  86523  SCHROBENHAUSEN 
GERMANY 


MINISTRY  OF  DEFENCE 
RAFAEL 

METR  MAYSELESS 
ARMAMENT  DEVELOPMENT  AUTH 
PO  BOX  2250 
HAIFA  31021  ISRAEL 

AKE  PERSSON 
DYNAMEC  RESEARCH  AB 
PARADISGRND  7 
S  151  36  SODERTALJE 
SWEDEN 
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